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Development  of  the  statistical  acceptance  plan  encompasses  many 
considerations.  Understanding  theoretical  principles  underlying  the 
acceptance  plan  is  an  essential  prerequisite.  The  concepts  of  variability, 
probability,  and  percent  defective  need  to  be  comprehended. 

The  acceptance  plan  is  defined  by  Acceptance  Quality  Level  (AOL), 
Rejectable  Quality  Level  (ROL),  the  producer’s  risk  (a),  and  the  buyer’s  risk 
(P).  Identification  and  quantification  of  these  parameters  are  essential  to 
make  the  plan  capable  of  discriminating  between  acceptable  and 
unacceptable  construction  items.  The  acceptance  plan  is  evaluated  using  an 
Operating  Characteristics  (OC)  curve  technique  which  gives  the  associated 


XV 


risks  for  the  producer  and  the  purchasing  agency.  Balance  between  these 
risks  provides  sufficient  protection  for  both  parties. 

A major  part  of  the  acceptance  plan  is  the  Quality  Index  (QI)  table 
which  is  developed  using  the  incomplete  p -distribution  tables.  The  QI  table 
provides  the  quality  level  in  percent  defective  for  the  inspected  item.  The 
pay-factor  table  is  developed  via  the  noncentral  /-distribution  tables  and  the 
incomplete  p -distribution  tables.  This  table  provides  the  pay  factors  for 
given  percents  defective  and  sample  sizes.  To  increase  the  effectiveness  of 

the  acceptance  plan,  the  grand  lot  scheme  is  modified  to  be  used  with  the 
proposed  plan. 

Using  statistical  concepts,  realistic  acceptance  tolerances  are 
developed  for  the  characteristics  of  some  construction  items  based  on 
variability  measured  from  actual  field  data  taken  from  65  highway 
construction  projects  in  Saudi  Arabia. 

A performance  evaluation  study  is  conducted  to  explain  the  causes  of 
rutting  and  raveling  deficiencies  in  some  poor  pavements.  Construction  data 
and  investigation  reports  on  these  pavements  are  used  to  achieve  this  task. 
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CHAPTER  1 

PROBLEM  STATEMENT  AND  RESEARCH  OBJECTIVES 

Introduction 

The  use  of  statistical  concepts  in  the  highway  field  started  when  the 
American  Association  of  State  Highway  Officials  (AASHO)  Road  Test  was 
conducted  in  the  late  1950s.  A few  highway  agencies  have  rejected  the  idea  of 
statistical  specifications  and  rely  only  on  the  engineer’s  judgment  in  making 
decisions  regarding  materials  and  construction.  Others  have  found  statistical 
techniques  to  be  the  best  way  to  make  these  decisions,  as  they  are  highly 

satisfactory.  Therefore,  these  agencies  are  continuing  to  improve  these  techniques 
to  derive  maximum  benefits  from  them. 

Quality  assurance  experts  in  highway  construction  are  working  now  for 
^ applications  of  an  overall  process  dealing  with  all  factors  which  may  contribute  to 
producing  a high  performance  pavements.  This  process,  is  called  the  Construction 
Quality  Management  System  (CQMS)  and  it  is  broader  than  quality  assurance  and 
encompasses  the  overall  process  of  ensuring  the  construction  of  quality  products. 
The  statistical  specifications  are  the  primary  components  of  CQMS. 

The  author  believes  that  CQMS  should  be  the  long-term  plan  for  highway 
agencies  to  improve  performance  and  durability  of  their  roads  and  bridges,  which 
are  valuable  assets. 
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Problem  Statement 


The  acceptance  procedures  and  the  quality  assurance  system  utilized  by  an 

agency  has  a direct  bearing  on  the  performance  and  durability  of  its  facilities. 

/Success  in  conforming  to  both  materials  and  construction  specifications  will 

enhance  the  quality  of  highway  components.  However,  the  product  being  tested 

may  have  inherent  deficiencies  that  cannot  be  measured  using  conventional 
techniques. 

Many  highway  specifications  draw  a sharp  line  between  passing  and  failing 

and  do  not  properly  take  into  account  normal  variability  of  materials  and 
construction. 

In  Saudi  Arabia,  the  quality  assurance  system,  implemented  by  the  Ministry 
of  Communications  (MOC),  includes  a fairly  comprehensive  final  inspection, 
sampling,  and  testing  process  known  as  "provisional  hand-over."  The  major 
drawbacks  of  this  system  are  listed  below  (Transport  Team  Report,  1989). 

1.  Estimation  of  overall  quality  is  subjective  (e.g.,  rideability)  or  is 
based  on  a statistically  nonvalid  sample  (individual  test  result). 

2.  Although  the  Hatiding  Over  of  Projects  Manual  stated  that  "for  a test 
sample  to  be  representative  of  a section  of  the  roadway,  its  location 
must  be  chosen  at  random"  (Ministry  of  Communications,  1985,  p.  6), 
the  handing  over  inspectors  were  trained  not  to  sample  extreme 
quality.  For  example,  based  on  the  author’s  p>ersonal  observations, 
the  sampling  pits  are  taken  at  least  one  meter  away  from  the 
pavement  edge  because  this  area  is  considered  to  give 
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unrepresentative  samples.  The  exclusion  of  a portion  of  the 

population  from  the  sampling  plan  produces  biased  samples  since 

every  item  in  the  population  does  not  have  an  equal  chance  of  being 
selected. 

3.  Deficiencies  are  identified  at  a time  when  correction  is  difficult  or 
impossible. 

4.  Insufficient  information  is  available  to  establish  what  risks  are  being 
assigned  to  the  MOC  and  the  contractor. 

5.  The  acceptance  procedures  are  apparently  based  solely  on  the 
student  /-distribution  which  is  a symmetrical  distribution.  However, 
most  highway  construction  test  data  are  normally  distributed  and 
skewed  slightly.  Therefore,  the  acceptance  procedures  should 
involve  not  only  the  student  /-distribution  but  also  the  normal,  the 
symmetrical  p,  and  the  noncentral  t-distribution  as  discussed  in 
Chapter  3. 

To  enhance  the  quality  of  its  projects,  MOC  is  moving  toward 
implementation  of  statistical  techniques,  which  are  some  of  the  most  useful  tools 
that  can  improve  performance  and  durability.  Consequently,  there  is  a great  need 
for  a state-of-the-art  statistical  quality  assurance  technique  which  has  rational 
mathematical  basis  for  the  use  of  MOC. 


Research  Objectives 
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The  author  believes  that  each  highway  agency  should  have  a long-term  plan 
for  developing  a CQMS.  This  plan  should  begin  with  valid  decision-making  rules 
based  on  the  principles  of  statistical  probability,  realistic  sp>ecification  tolerances 
which  reflect  the  real  variation  and  performance. 

The  objective  of  this  study  is  to  develop  a comprehensive,  statistically  based 
quality  assurance  technique  to  be  used  by  the  MOC  and  perhaps  by  others.  The 
specific  of  work  for  this  study  are  summarized  as  follows: 

1.  To  develop  Quality  Index  (QI)  tables  which  can  be  used  for 
quantification  of  substantial  compliance. 

2.  To  develop  a rational  payment  schedule  to  reduce  the  price  of 
accepted  substandard  materials  or  construction. 

3.  To  incorporate  the  grand  lot  scheme  into  the  acceptance  plan  to 
make  it  more  effective  by  reducing  the  buyer’s  risk. 

4.  To  derive  statistical  acceptance  limits  by  obtaining  data  that  show 
levels  of  characteristics  and  the  degrees  of  variability  that  are 
normally  exhibited  in  "good"  highway  construction. 

5.  To  establish  preliminary  performance  criteria  from  the  evaluation  of 

data  obtained  from  poor  pavements  as  well  as  well-performing 
pavement. 

6.  To  incorporate  the  results  of  this  research  into  the  MOC’s  new 
specifications. 
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This  technique  would  result  in  the  establishment  of  methodical  decision- 
making procedures  during  construction  to  facilitate  early  detection  of  deficiencies 
and  would  provide  a rational,  controllable  approach  to  the  acceptance  or  rejection 
of  work  and  to  the  assessment  of  price  adjustments  without  a need  for  handing- 
over  committees  to  make  extensive  inspections  after  a road  is  opened  to  traffic. 
Moreover,  the  MOC  will  have  greater  confidence  in  what  they  are  paying  for. 

Furthermore,  the  components  of  the  proposed  technique  could  be  the 
foundation  of  an  expanded  CQMS  which,  according  to  Tuggle  (1992),  it  not  only 

encompasses  subjects  of  agency  statistical  acceptance  procedures  but  also  such 
items  as 

• The  contractor’s  process  control  techniques. 

• Improved  materials/tests/equipment. 

• Incentive  provisions  to  encourage  quality. 

• Innovative  contracting  practices  to  achieve  quality. 

• Personal  qualifications  and  training  programs. 

However,  this  long-term  plan  is  beyond  the  scope  of  this  research.  Such  a 

plan  needs  the  understanding,  support,  and  commitment  of  top-level  management 
to  convert  it  into  a reality. 

Even  though  this  study  has  been  specifically  aimed  toward  implementation 
by  the  MOC  in  Saudi  Arabia,  other  highway  agencies  will  find  it  beneficial 
because  the  objectives  are  common  to  many  highway  agencies.  Therefore,  the 
same  approach  can  be  used  to  develop  a similar  technique  which  fits  an  agency’s 
needs  by  considering  the  production  capability  of  its  contractors. 
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Moreover,  the  results  of  this  research  can  contribute  significantly  to  the 

MOC’s  quality  assurance  program  and  to  the  highway  quality  control  field  in 
general. 


Research  Methodnlngv 

In  order  to  achieve  the  research  objectives,  the  development  of  the  first 
part  of  CQMS  was  organized  into  six  phases. 

PHASE  I - Literature  Review 

A literature  review  of  previous  work  done  by  other  researchers  and  experts 
was  completed  in  order  to  understand  current  problems,  to  gather  the  information 
needed  to  start  the  present  study,  and  to  determine  which  researchers  could 
contribute  to  this  study. 

The  review  focused  on  four  primary  areas: 

1.  Statistical  Acceptance  Plans 

2.  Grant  Lot  Scheme 

3.  Statistical  Specification  Tolerances 

4.  Performance  Evaluation. 

The  literature  review  is  presented  in  Chapters  2 and  3. 

PHASE  II  - Acceptance  Plan  Development 

For  the  development  of  a quality  assurance  program,  it  is  essential  to 
design  a new  acceptance  plan,  which  consists  of  QI  tables  (based  on  percent 
defective)  and  reasonable  payment  provisions,  choosing  acceptance  plans  that  use 


7 


parameters  values  which  fit  the  agency’s  need.  The  Materials  and  Research 
Department  of  the  MOC  has  suggested  values  of  5%  for  Acceptance  Quality 

Level  (AQL),  30%  for  Rejectable  Quality  Level  (RQL),  and  5%  for  the 
producer’s  risk  (a). 

Since  the  standard  deviation  is  unknown,  only  one  risk  (either  producer’s 
risk,  a,  or  the  buyer’s  risk,  fi)  can  be  fixed.  The  other  risk  can  be  controlled,  and 
will  be  dependent  on  the  true  value  of  the  standard  deviation  (the  larger  the 
sample  size,  the  less  the  risk  will  be)  (AASHTO,  1986).  In  this  study,  cc  is  fixed  at 
5%.  And  depends  on  the  sample  size.  Tables  of  the  Incomplete  p Function 
(1983)  were  used  in  addition  to  the  NONCENTT  Program  (see  p.  104)  to  develop 
the  acceptance  plan’s  tables.  This  program  was  developed  by  Ricardo  T.  Barros 
at  New  Jersey  Department  of  Transportation  and  was  used  by  the  author  in 
Denver,  Colorado. 

The  phase  has  been  developed  in  extended  consultation  with  Mr.  Jerry 
Budwig,  Central  Division  Engineer  of  the  Federal  Highway  Administration 
(FHWA),  based  in  Denver,  Colorado,  during  the  summer  of  1990. 

PHASE  III  - Construction  of  OC  Curves 

The  operating  characteristic  (DC)  curves  are  graphical  representations  of 
the  acceptance  plan,  and  these  curves  show  the  plan’s  ability  to  discriminate 
between  acceptable  and  unacceptable  work. 

The  OC  curves  were  generated  using  the  noncentral  /-distribution  tables,  by 
establishing  a relationship  between  the  probability  of  acceptance  (the  proportion 
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of  submitted  lots  that  will  be  accepted)  and  the  percent  defective,  p for  different 
sample  sizes. 

In  order  to  examine  the  acceptance  plan,  its  efficiency  has  been  compared 
over  a range  of  sample  sizes  for  a fixed  quality  level  (the  value  of  RQL  of  30% 

defective  was  used).  With  the  aid  of  OC  curves,  the  associated  risks  with  the  plan 
(i.e.,  the  protection  given  by  the  plan)  were  analyzed. 

PHASE  IV  - Materials  Specification  Toleranre.s 

In  order  to  apply  the  designed  acceptance  plan  correctly,  the  specification 
tolerances  should  be  determined  using  actual  data  of  "good"  projects  which 
represent  the  average  capability  of  the  industry. 

A total  of  65  projects,  representing  the  whole  Kingdom  of  Saudi  Arabia, 
were  selected.  The  researcher  relied  on  the  handing-over  reports  because  they 
are  believed  to  be  a reliable  source  of  data,  in  addition  to  data  from  field  trips 
which  were  conducted  for  this  study.  Also,  data  of  Bituminous  Wearing  Course 
(BWC)  and  Bituminous  Base  Course  (BBC),  from  construction  reports  were 
collected  from  13  projects  for  the  purpose  of  making  comparisons. 

Job  Mix  Formula  (JMF)  tolerances  were  developed  for  the  characteristics 
of  the  following  items:  BWC  (Class  A,  B,  and  C),  BBC  (Class  A and  B), 
Aggregate  base  course  (Class  A),  Granular  subbase  (Class  B),  Subgrade,  and 


Embankment. 
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The  needs  and  priorities  of  the  Materials  and  Research  Department  of  the 
MOC  were  the  major  consideration  for  choosing  the  above  items  and  their 
characteristics. 

Data  then  were  entered  into  the  computer.  A different  file  was  assigned 
for  every  construction  item  (i.e.  BWC)  which  had  been  divided  into  Lots  for  every 
job-mix  formula  in  case  of  bituminous  layers. 

Statistical  analyses  were  conducted  to  determine  pooled  statistical 
parameters  for  each  property  being  used  in  establishing  tolerances,  assuming 
normality  of  the  distribution. 

PHASE  V - Preliminary  Performance  Criteria 

Although  establishing  performance  criteria  is  a goal  for  many  researchers 
and  experts  in  the  highway  industry,  it  is  not  easily  achieved  because  there  are 
many  factors  that  could  affect  performance  of  the  product  either  directly  or 
indirectly.  However,  since  this  aspect  is  essential  to  a CQMS,  one  of  the 
objectives  of  this  study  was  to  establish  the  basis  of  a foreseen  performance 
criteria  by  gathering  data,  evaluation  reports,  and  inspection  reports  of  15  rutted 

pavements  in  Saudi  Arabia  and  then  try  to  identify  the  cause  of  failure  of  these 
pavements. 

PHASE  VI  - Application  of  the  Plan 

The  results  of  this  research  may  be  incorporated  into  the  MOC’s  new 
technical  specifications.  If  so,  it  would  be  a significant  step  in  moving  toward  a 
modern  quality  assurance  system.  It  should  provide  the  MOC  with  systematic 
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procedures  for  evaluating  jobs  as  well  as  a fair  method  for  assessing  a price 
reduction  when  work  is  substandard. 

For  application  of  the  proposed  system,  a transition  period  is  needed  for 
agencies  to  overcome  any  difficulties  in  understanding  the  technique.  Therefore,  it 
was  partially  applied  to  the  Riyadh-Taif  expressway  (a  project  under  construction, 
see  Appendix  B).  During  this  period,  the  reduced  payment  provisions  were  not 
applied,  although  all  tests  and  computations  were  made.  Also,  the  contractor  was 
aware  of  any  detected  deviations  and  was  asked  to  correct  them  with  no 
obligation.  This  coop>eration  would  be  advantageous  when  the  handing-over 
committee  made  the  final  inspection. 

However,  the  full  application  of  this  study  and  the  use  of  its  results  need 
top-level  management  support  and  a commitment  to  move  toward  a quality 
management  system. 
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CHAPTER  2 
LITERATURE  REVIEW 

Introduction 

Although  the  variability  of  materials  and  construction  processes  were 
known  a long  time  ago,  the  first  use  of  statistical  specifications  for  highway 
construction  was  linked  back  to  the  AASHO  Road  Test  which  was 
conducted  in  the  late  1950s,  The  construction  of  that  project  yielded  a 
significant  number  of  unbiased  test  data  which  revealed  the  true  variability 
of  the  results  and  their  relationship  to  the  current  construction  specifications. 
It  was  concluded  from  the  AASHO  Road  Test  that  using  conventional 
acceptance  methods  to  determine  the  compliance  with  specifications  did  not 
indicate  that  the  constructed  facility  was  adequate  and  that  it  would  perform 
and  last  as  expected  (Transportation  Research  Board  (TRB),  1976).  These 
methods  are  based  on  engineering  judgment,  which  are  not  capable  of 
providing  accurate  information  for  variability  of  materials  and  construction 
processes  for  the  product  as  being  built. 

Since  the  AASHO  Road  Test,  many  highway  agencies  have 
conducted  studies  on  the  use  of  probability  concepts  in  their  specifications, 
and  some  of  them  have  used  or  experimented  with  statistically  based  end- 
result  specifications  (ERS). 
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Under  the  ERS,  the  producer  (i.e.,  the  contractor)  bears  full 
responsibility  for  the  execution  of  the  work  and  must  take  whatever  steps 
are  necessary  to  achieve  the  desired  end  result;  whereas  the  responsibility  of 
the  buyer  (i.e.,  the  agency)  is  to  specify  a desired  quality  level  and  activities 
that  ensure  the  effectiveness  of  the  contractor’s  overall  quality  control.  The 
agency,  therefore,  needs  to  monitor  the  contractor’s  quality  control  process, 
supplemented  by  a program  of  acceptance  testing  (TRB,  1976).  Therefore, 
under  the  ERS,  the  responsibility  is  divided  between  the  producer  and  the 
buyer. 


Definition  of  Quality  Assurance 

LaHue  defines  quality  assurance  as  follows: 

The  overall  process  whereby  the  joint  efforts  of 
industry.  State,  and  Federal  officials  are  combined  to  develop 
or  establish  performance  related  quality  criteria,  exercise 
systematic  process  control,  establish  attainable  specification 
criteria  that  recognize  product  variability  and  develop  unbiased 
sampling  and  testing  procedures.  Or  to  put  this  in  the  most 
simplistic  terms,  modern  quality  assurance  for  highway 
construction  is  a process  to  assure  the  development  of  better 
highway  facilities  through  effective  process  control,  product 
acceptance,  product  sampling  and  testing,  and  systematic 
feedback  and  evaluation.  (TRB,  1979:7) 

To  put  it  differently,  quality  assurance  systems  have  been  pictured  as 

consisting  of  those  efforts  needed  to  answer  four  questions  (McMahon  and 

Halstead,  1969;  (Steele  and  Judy,  1977;  TRB,  1979): 

1.  What  do  we  want? 

2.  How  do  we  order  it? 

3.  Did  we  get  what  we  ordered? 
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4.  What  do  we  do  if  we  do  not  get  what  we  ordered? 

Answers  to  the  first  question  encompass  research,  development, 
engineering  technology,  and  experience  to  define  the  need  with  respect  to 
materials,  properties,  and  design  characteristics  of  the  highway  components. 

Answers  to  the  second  question  depend  on  the  quality  of  the 
specifications  and  how  they  spell  out  the  details  of  the  final  product.  And 
how  these  specifications  define  the  characteristics  that  must  be  controlled, 
the  needs  with  respect  to  the  quality  level,  and  the  requirements  for 
uniformity  of  the  product  from  item  to  item. 

Answers  to  the  third  question  depend  on  the  precision  and  accuracy 
of  test  methods  as  well  as  on  the  time  required  to  perform  the  tests,  and  the 
relation  of  the  property  measured  by  the  best  test  to  the  service 
performance  of  the  completed  product. 

The  fourth  question  relates  to  applying  decreased  payments  when 

uncompliance  to  specifications  occur  that  are  not  sufficient  to  warrant 
removal. 

Statistical  Acceptance  Plan 

It  is  impractical  for  the  agency  to  test  all  of  the  end  products; 
therefore,  using  the  laws  of  probability  is  preferable.  All  of  materials  and 
construction  processes  are  subject  to  some  variation.  With  the  help  of 
statistics,  it  is  possible  to  (Adam  and  Shah,  1966) 
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1.  Determine  variability  concerning  each  material  or  construction 
characteristic. 

2.  Determine  process  capabilities. 

3.  Aid  in  the  establishment  of  realistic  specifications,  and  better 
overall  agency/contractor  relationships. 

Moreover,  it  is  important,  in  using  statistical  concepts,  that  both  the  highway 
agency  and  the  contractor  clearly  understand  the  basic  concepts  of  statistical 
quality  assurance  techniques.  Willenbrock  (1976)  lists  ten  points  of  which 
both  parties  should  be  aware,  including 

1.  The  test  results  are  only  an  estimate  of  the  property  of  the 
material,  and  the  accuracy  and  precision  of  the  estimate 
depend  on  some  other  factors  such  as  sample  size,  precision  of 
test  procedures,  and  equipment  used.  Therefore,  variation 
exists  to  some  degree  in  all  measured  characteristics. 

2.  Statistical  procedures  are  based  on  random  sampling  which  is 
used  to  describe  the  probability  that  the  properties  of  the 
material  are  within  some  desired  range.  Consequently,  there 
may  be  some  material  that  is  better  than  or  worse  than  the 
desired  range  and  may  be  missed  in  the  sampling  process. 

3.  The  necessary  level  of  quality  must  be  considered  by  the 
highway  agency.  Therefore,  a uniform  (perfect)  product  will 
increase  its  cost.  The  greater  care  needed  to  eliminate  any 
unsatisfactory  material  results  in  a more  costly  testing  program. 
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4.  Both  the  producer  (i.e.,  the  contractor)  and  the  buyer  (i.e.,  the 
highway  agency)  must  have  a clear  understanding  of  how 
measurements  will  be  made,  when  and  how  samples  will  be 
taken,  and  how  the  results  will  be  interpreted. 

5.  Acceptance  procedures  must  be  such  that  the  agency  can 
make  an  economical  number  of  tests  which  produce  acceptable 
level  of  his  protection.  In  other  words,  by  reducing  the 
probability  that  the,  material  is  erroneously  being  accepted 
which  is  truly  rejected. 

A search  of  the  literature  conducted  as  a part  of  this  research  has 
indicated  that  there  are  two  general  types  of  statistical  acceptance  plans:  (1) 
The  attributes  sampling  plan,  which  is  used  when  it  is  impractical  or 
undesirable  to  measure  the  specific  value  of  a quality  characteristic,  but  can 
be  accepted  or  rejected  by  counting  the  defective  items,  i.e.,  visual 
inspection.  (2)  The  variables  sampling  plan,  which  is  usually  applied  to 
quality  characteristics  that  can  be  measured  rather  than  counted  and 
requires  the  computation  of  statistical  parameters  (i.e.,  the  average  and 
standard  deviation  or  range)  (AASHTO,  1986).  Only  the  latter  type  of 
acceptance  plan  is  applicable  to  highway  construction  processes  and  usually 
designed  to  control  the  percent  defective  of  the  population  (lot). 

The  acceptance  plans  by  variables  are  classified  into  two  major 


categories  (AASHTO,  1986). 
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1.  Variability, "Known  type  in  which  the  standard  deviation  of  the 
product  is  assumed  to  be  constant  and  known  in  advance. 
However,  since  it  is  usually  one  of  the  objectives  of  a statistical 
specification  to  encourage  and  reward  a greater  degree  of 
uniformity,  this  approach  may  be  counterproductive,  and  not 
applicable  in  a highway  construction  field. 

2.  Variability.—Unknown  typie  in  which  the  percent  defective 
(variability)  of  the  population  is  assumed  to  be  unknown,  and 
it  could  be  estimated  by  the  standard  deviation  or  the  range 
computed  from  random  sample  measurements  taken  from  the 
population.  The  standard  deviation  approach  has  been  chosen 
in  this  research  because  it  is  more  statistically  efficient,  and 

requires  a smaller  sample  size  to  provide  an  equivalent  degree 
of  quality. 

In  order  to  estimate  the  lot  percent  defective,  p it  is  necessary  to 
compute  quality  (Q)  values,  using  either  or  both  of  the  following  equations 
(Military  Standard  414  (MIL-STD-414),  1957). 

<?i  = — (1) 

s 


s 


(2) 
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where 

Q = Quality 

X = Sample  Mean 

s = Sample  Standard  Deviation 

L,  U = Lower  and  Upper  Specifications  Limits. 

By  computing  values  of  Q,  p can  be  estimated  from  the  acceptance 
plan  tables  which  have  values  of  p associated  with  any  specific  value  of  Q 
and  sample  size.  When  there  are  two  specification  limits,  both  equations  (1) 

and  (2)  are  used,  and  the  individual  estimates  of  percent  defective  are  added 
to  obtain  p. 

In  general,  variable  acceptance  plans  have  been  utilized  for  a long 
time.  Lieberman  and  Resinkoff  (1955)  presented  similar  plans.  Also,  much 
of  the  same  materials  are  found  in  MIL-STD-414,  1957,  Resnikoff  (1952  and 
1955),  the  American  Society  for  Testing  and  Materials  (ASTM)  C94  (1982), 
and  Duncan  (1974).  All  of  these  plans  were  designed  after  World  War  II 
for  industrial  fields.  Moreover,  MIL-STD-414,  published  by  the 
Department  of  Defense  in  1957,  has  become  the  reference,  for  variable 
sampling  procedures  using  the  percent  defective  concept.  However,  MIL- 
STD-414  is  considered  to  be  a multi-level  acceptance  plan  in  which  the 
values  of  AQL  and  a are  variables.  So,  it  is  not  a unique  plan  applicable 
efficiently  in  a specific  area  such  as  a highway  construction  field.  In  recent 
years,  some  scholars  have  called  for  its  revision.  Duncan  (1975)  states  that 

"Being  a compromise,  it  [MIL-STD-414]  turned  out  to  be  a bulky  standard 
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of  some  108  pages.  It  thus  lacked  the  appeal  of  conciseness"  (p,  41).  Koa 
(1971)  lists  a number  of  reasons  for  lack  of  "vigorous  activity"  viewing  MIL- 
STD-414,  and  he  called  for  its  revision  in  several  areas. 

All  these  variable  acceptance  methods  are  considered  to  be  the 
general  class  of  acceptance  plans  to  be  based  on  the  so-called 
acceptance/rejection  approach.  The  accept/reject  system  is  based  on  either 
accept  the  lot  (work)  when  p is  equal  or  less  than  the  maximum  allowable 
estimated  defective  {p  ^ M),  or  reject  the  lot  if  p is  more  than  M (p  > M). 
Therefore,  a line  or  level  of  quality  has  to  be  defined  which  could 
differentiate  between  acceptable  and  unacceptable  work.  AASHTO  (1986) 
pointed  out  that  in  the  highway  construction  field,  it  is  seldom  possible  to 
define  a single  level  of  quality  that  distinctly  differentiates  between 
satisfactory  and  rejectable  work.  However,  it  is  usually  possible  to  define  a 
desired  level  of  quality  that  is  clearly  acceptable,  and  another  level 
representing  a much  lower  quality  that,  when  detected,  requires  some  sort  of 
restorative  action.  This  provides  two  convenient  reference  points  (i.e.,  AQL 
and  RQL)  from  which  an  acceptance  procedure  can  be  developed. 

Therefore,  if  a material  or  construction  item  has  been  built  as  specified, 
except  for  minor  variations  from  specifications  resulted  in  the  normal 
variability  of  construction  processes,  and  has  no  significant  effect  on 
performance  or  durability  of  the  pavement,  the  item  will  justify  a full 
payment.  On  the  other  hand,  significant  deviations  from  specifications  which 
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may  cause  a threat  to  the  safety  of  the  facility’s  users,  justifies  removal  of 
defective  work. 

In  actual  practice,  highway  agencies  should  deal  with  marginal  quality 
when  deviations  occur  that  are  not  sufficient  to  warrant  removal  of  the  item. 
Therefore,  the  product  can  last  for  a long  period  of  time  but  probably  not  as 
expected,  and  can  provide  good  service,  probably  not  as  good  as  specified. 

In  this  case,  it  is  better  to  leave  this  work  in  place  and  accept  it  with  a 
reduced  payment.  Consequently,  there  is  a great  need  to  use  an  adjusted 
pay  scale  as  a part  of  a complete  acceptance  plan,  which  should  consist  of 

1.  QI  tables  which  give  lot  degree  of  compliance  to  specifications 
in  terms  of  percent  defective,  based  on  sample  size  and  Q 
values  computed  from  the  sample  in  accordance  with 
equations  (1)  and  (2).  Consequently,  there  is  a need,  also,  to 
establish  acceptance  tolerances  (i.e.,  upper  and  lower  limits) 
for  construction  parameters  stated  in  the  specifications. 

2.  Adjusted  pay  schedules  which  can  give  the  appropriate  pay 
factor  for  an  inspected  item,  according  to  the  degree  of 
compliance.  Additionally,  in  these  schedules,  the  criticality  of 
the  defective  item  should  be  considered  as  it  affects 

performance,  or  durability  of  the  product  or  the  safety  of  its 
user. 

The  Statistical  Research  Group  (1948)  classifies  the  defects  as 


follows: 
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• Major: --will  cause  failure  of  the  item  to  function  as  intended. 

• Minor:— will  impair  the  efficiency,  reduce  the  value  of  the  item, 
or  shorten  its  lifetime. 

• Irregularity  or  Contractural:— a deviation  from  the  requirement 

of  the  specifications  not  affecting  the  performance  or  life  of 
the  item. 

MIL-STD-414  mentioned  similar  classification  but  for  the  measured 
item  which  is  more  appropriate  in  construction  field.  Furthermore,  it  added 
another  category  reflecting  the  safety  of  the  product.  It  was  defined  as  listed 
below. 

• Critical:— could  result  in  hazardous  or  unsafe  conditions  for 
individuals  using  or  maintaining  the  product,  or  could  prevent 
performance  of  the  product’s  tactical  function. 

Therefore,  when  the  measured  item  is  rated  critical  and  it  does  not 
conform  with  specifications,  no  compromise  is  made.  The  replacement  of 
such  an  item  must  take  place.  On  the  other  hand  when  the  measured  item 
does  comply  with  specifications  except  for  a contractural  detail  such  as  the 
contractor’s  engineer  missed  signing  all  test  sheets  which  would  not  cause 
impairment  of  performance,  the  item  should  be  accepted,  and  the  contractor 
should  get  full  payment. 

We  are  now  left  with  two  classification  levels,  that  is,  major  and 
minor.  The  proposed  acceptance  plan  should  recognize  that  there  are 
inequalities  of  importance  and  permit  the  designation  of  major  and  minor 
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characteristics  in  the  payment  provisions.  A substandard  work  will  get  a 
higher  deduction  if  the  lot  is  considered  to  be  a major  item  rather  than  a 

minor  item.  For  example,  sieve  #50  should  not  carry  the  same  weight  as 
asphalt  content  or  density. 

When  designing  acceptance  plans,  a decision  must  be  made  as  to 
what  are  the  appropriate  risks  associated  with  the  plan.  The  producer’s  risk, 
a is  the  risk  of  erroneously  rejecting  satisfactory  work,  and  the  producer  is 
adversely  affected  in  this  case.  The  other  risk  is  the  probability  of  accepting 
rejectable  work.  This  is  known  as  the  buyer’s  risk,  since  it  is  the  agency 
that  is  adversely  affected.  There  are  no  definite  rules  and  few  guidelines  for 
determining  the  values  of  a and  MIL-STD-414  used  a producer’s  risk  a 
of  11%  for  lots  of  three  to  eight  items  and  a 4%  risk  for  lots  of  up  to 
220,000  items.  While  ASTM,  C94  has  a producer’s  risk  of  2%  and  a buyer’s 
risk  of  21%  for  a sample  size  of  five.  Care  should  be  taken  in  choosing 
reasonable  risks  for  acceptance  plan  of  highway  material  and  construction. 

The  FHWA  was  the  first  to  advocate  statistical  acceptance  plans  in 
highway  construction.  In  its  FP-85  (1985),  FHWA  demonstrated  two  tables, 
one  for  measuring  the  degree  of  compliance  based  on  statistical  parameters 
computed  for  test  results,  and  the  other  table  to  determine  the  Lot  pay 
factor.  However,  this  plan  was  basically  an  initiative  by  FHWA  with  no 
underlying  mathematical  or  statistical  principle.  The  researcher  has  had 
some  discussion  with  FHWA  officials  who  provided  some  information  about 
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the  plan,  and  many  of  the  engineers  there  call  for  its  revision  for  the 
following  reasons. 

1.  Although  AQL,  and  RQL  are  defined  in  terms  of  jiercent 
defective  in  nearly  all  of  the  literature,  FP-85  uses  the  concept 
of  "Quality  Level"  in  terms  of  percent  within  specifications, 
which  could  lead  to  some  confusion.  Use  of  the  percent 

defective  concept  is  necessary  because  it  is  consistent  with  the 
following. 

a.  To  eliminate  some  confusion  due  to  multiple  definitions 
for  the  same  term. 

b.  It  is  easier  to  work  on  the  numerical  level,  and  it  is 
consistent  with  nomenclature  used  in  the  world  of 
statistics. 

It  should  be  pointed  out  that  AASHTO  (1986)  recognizes  both 
concepts. 

2.  The  entire  pay-factor  table  (except  for  1.05  pay  factor  line)  is 
based  on  producer’s  risk  a of  0.05.  That  means  for  bonus 
levels  of  1.01  to  1.04,  there  is  as  much  as  a 95%  probability  of 
paying  a bonus  even  when  the  apparent  quality  level  of  the 
material  is  less  than  the  AQL  specified  for  1.00  pay  factor. 

This  is  particularly  true  for  small  samples  (i.e.,  n = 3 to  n = 

20).  It  resulted  in  increasing  the  expected  pay  factor  to  1.02 
where  the  ideal  value  is  1.00. 
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3.  The  plan  does  not  incorporate  the  concept  of  criticality  of  the 
characteristics  since  it  designates  all  of  thenm  as  major  in 
respect  to  criticality.  The  plan  should  consider  each  quality 
characteristic  in  relation  to  its  overall  importance  to  product 
performance, 

4.  A sample  size  of  three  can  be  used  with  this  plan.  This  is  a 
very  small  sample  size  and  could  create  a high  risk  burden  on 
the  agency.  Therefore,  a sample  size  of  five  is  more 
reasonable  to  start  with. 

Therefore,  a new  acceptance  plan  has  to  be  developed  as  a part  of 
the  objectives  of  this  research. 

During  the  development  of  this  statistical  specifications,  it  is  assumed 
that  all  the  samples  upon  which  a decision  about  the  product  will  be  made, 
are  collected  by  using  random  sampling  techniques  in  which  every  item  in 
the  population  has  an  equal  chance  of  being  drawn.  Two  such  techniques 
are  recommended:  Independent  random  sampling  in  which  the  samples  are 
selected  randomly  from  the  lot.  Random  numbers  are  either  generated  or 
taken  from  a table.  Use  of  this  technique  may  sometime  cause  a kind  of 
shift  in  quality  when  many  samples  are  being  selected  in  one  small  area  of 
the  lot  leaving  a major  part  of  the  lot  untested.  Although  these  samples 
represent  the  quality  of  the  lot,  they  may  not  test  for  its  homogeneity. 
Stratified  random  sampling  in  which  the  lot  is  divided  into  several  sublots. 
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and  samples  are  taken  randomly  from  each  sublot.  This  technique  improves 
the  accuracy  of  estimates,  reduces  costs,  and  overcomes  the  potential 
problem  explained  above  (Dowdy  and  Wearden,  1983).  The  samples 

selected  are  unbiased  since  equal  opportunity  is  provided  within  a sublot  for 
each  item. 

The  assumption  of  random  sampling  techniques  is  very  crucial  to  the 
use  of  the  acceptance  plan  presented  in  this  dissertation. 

Grand  Lot  Scheme 

In  addition  to  the  laws  of  probability,  another  concept,  grand  lot,  may 
be  utilized  to  enhance  the  proper  application  of  the  acceptance  plan.  A lot 
may  be  defined  as  the  homogeneous  portion  of  the  product  about  which  a 
decision  is  to  be  made.  The  size  of  the  lot  may  vary  depending  on  the  rate 
of  the  production  process,  the  economics  of  sampling  and  testing  programs. 
The  smaller  the  lot  the  better  the  producer’s  position,  conversely,  the  larger 
the  lot  the  better  the  agency’s  position.  However,  small  lots  require  more 
sampling  and  testing  by  the  agency,  and  large  lots  will  place  a high  risk  on 
the  contractor’s  part.  A reasonably  larger  sample  size,  relative  to  the  lot 
size,  is  necessary  to  maintain  the  accepted  levels  of  protection  for  both 

parties.  Several  homogeneous  lots  can  be  added  to  each  other  with  their 
given  sample  size  to  form  a larger  lot. 

The  buyer’s  risk  P can  be  reduced  with  no  potential  increase  in  the 
producer’s  risk,  a by  using  the  grand  lot  scheme  without  any  potential 
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increase  in  the  sampling  and  testing  costs.  The  grand  lot  scheme  has  a 
potential  for  increasing  the  efficiency  and  economy  of  the  acceptance  plan. 
The  grand  lot  scheme,  suggested  by  L E.  Simon  (1941),  utilizes  the  power  of 
the  control  chart  to  achieve  a drastic  increase  in  sample  size  by  treating  the 
homogeneous  lots  as  one  big  lot.  Simon  (1944)  defines  the  grand  lot  as  "an 
aggregation  of  articles  which  are  essentially  alike."  He  then  explained  what 
he  meant  by  "essentially  alike"  as  that  small  subgroup  of  sample  items  taken 
from  the  lot  in  arbitrary  order  will  respond  to  Shewhart  criterion  of  control. 
Schilling  (1979)  presents  a simplified  graphical  procedure  to  be  applied  with 
the  acceptance  plans.  The  procedure  is,  however,  limited  to  post-sampling 
of  a large  number  of  sublots  which  should  be  analyzed,  then  the 
homogeneous  sublots  can  be  grouped  together  and  dealt  with  as  one  grand 
lot.  Simon’s  and  Schilling’s  methods  are  similar,  and  the  idea  can  be  applied 
with  some  modification  in  highway  construction  fields  by  incorporating  it  into 
the  acceptance  plan.  The  consecutive  lots  can  make  the  grand  lot,  while  the 
cumulative  pay  factor  of  a specific  quality  level  or  greater  is  maintained. 

When  the  pay  factor  drops  below  that  level,  the  lot  will  be  terminated  and 

) 

the  construction  process  will  be  stopped.  A corrective  action  to  improve  the 
quality  is  expected  from  the  contractor  and  then  a new  grand  lot  could  be 


started. 
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Acceptance  Tolerances 

Under  the  traditional  specifications,  the  acceptance  decision  relies  on 
engineering  judgment  and  experience,  in  which  a certain  quality  level  and 
specification  limits  are  obtained  for  construction  characteristics.  McMahon 
and  Halstead  (1968)  state  that  tolerances  for  such  characteristics  seldom 
reflect  the  true  variations  of  construction  processes  or  of  material  items. 
When  experience  and  skills  are  used,  along  with  complete  cooperation  of 
contractors,  a good  highway  can  be  built.  However,  inspectors  and 
engineers  must  be  capable  of  recognizing  a good  quality  job  without  relying 
solely  on  quality  measurements.  Under  most  of  the  current  practices,  one 
periodic  sample  is  taken  at  the  location  the  engineer  had  chosen.  This 
sample  is  tested  and  the  results  are  considered  as  the  value  of  the  measured 
characteristics.  If  the  test  results  are  within  the  stated  tolerances,  the 
material  passes  and  is  accepted.  If  the  test  results  are  not  within  the  stated 
tolerances,  the  material  or  construction  lot  fails.  Engineering  judgment  must 
then  be  applied  and  a decision  made  as  to  whether  or  not  the  material 
should  be  retested  or  whether  it  may  be  said  to  substantially  comply  because 
the  specification  deviation  will  cause  little  impairment  of  performance.  So 
this  process  relies  on  the  engineer’s  judgment  on  the  suitability  of  the  end 
product. 

Although  this  quality  assurance  system  has  often  resulted  in 
satisfactory  work  under  proper  conditions  such  as  having  experienced 
engineers,  it  is  difficult  to  define  in  legal  or  contractual  terms. 
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Substantial  quality  has  not  been  quantitatively  defined,  and  the  degree  of 
acceptable  variation  is  subjective  and  will  differ  from  engineer  to  engineer 
and  from  job  to  job  because  the  samples  are  biased  and  may  not  represent 
the  actual  quality  of  the  product  (McMahon  and  Halstead,  1969). 

Additionally,  these  procedures  place  a high  risk  on  the  producer  as  his 
satisfactory  work  may  be  rejected. 

The  FHWA  report  (1977)  indicates  that  under  the  traditional 
specifications,  the  percentage  of  standard  quality  material  and  construction 
characteristics  outside  specified  limits  are  much  greater  than  those  assumed 
to  be  present.  Indeed,  McMahon  and  Halstead  (1969)  have  found  as  much 
as  30%  of  some  construction,  considered  to  be  completely  acceptable  under 
traditional  procedures,  to  be  outside  the  stated  limits.  This  indicates  that  the 
inherent  variability  of  the  measured  property  had  not  been  taken  into 
account,  and  the  present  limits  do  not  reflect  valid  allowances  for  the 
variable  materials  and  processes  used  in  highway  construction.  The  FHWA 
report  (1977)  stated  that  a "considerable  gap  exists  in  highway  work  between 
the  quality  (of  compliance  to  specification  limits)  of  work  specified  and  the 
quality  of  work  received."  Further,  "in  some  instances  the  specification  limits 
are  unrealistic  and  do  not  allow  for  normal  testing  variability  and  process 
variability.  This  accounts  for  a portion  of  the  seemingly  low  quality  levels 
registered  for  the  work."  Moreover,  this  report  indicates  that  "much  of  the 
present  variability  in  highway  construction  reflects  the  limitations  of  the 
system  now  employed  by  most  of  the  industry"  (TRB,  1979:13). 
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Many  highway  agencies  (including  MOC)  are  using  arbitrary  job-mix 
tolerances  or  those  suggested  in  AASHO  Guide  Specifications  for  Highway 
Construction  which  lack  legitimacy  and  seem  to  conflict  with  the  basic 
pattern  of  variability  encountered  in  actual  construction  process  (Adam  and 

Shah,  1966).  Therefore,  a sort  of  compatibility  between  specifications  and 
variability  should  exist. 

To  ensure  adequate  performance  at  minimum  cost,  Willenbrock 
(1976)  recommends  that  every  highway  agency  establish  their  own 
specifications  to  describe  realistic  standards  which  more  accurately  reflect 
the  inherent  variability  of  a given  material  type  or  construction  characteristic. 
This  would  enable  a conscientious  contractor,  applying  normally  good 
control  processes,  to  run  a minimum  risk  of  having  acceptable  material 

rejected,  and  that  the  amount  of  such  material--if  present—would  not  cause 
impairment  of  performance  of  the  facility. 

Tuggle  (1992)  also  calls  for  each  agency  to  develop  its  own 
specifications  as  a part  of  establishing  a CQMS. 

To  establish  realistic  specification  limits,  TRB  (1979)  states  that  it  is 
necessary  to  obtain  data  that  would  show  what  levels  of  characteristics  and 
degrees  of  variability  are  exhibited  in  normally  "good"  highway  construction. 
AASHTO  (1986)  recommends  that  "the  tolerance(s)  and  the  expected 
percent  within  tolerance  must  be  realistic  and  should  be  based  on  the  values 
of  the  measurement  found  in  acceptable  construction"  (AASHTO  R9-86, 
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R9-86,  1986:1193).  Use  of  these  developed  limits  in  the  acceptance  plan, 
coupled  with  partial  payment  schedules,  would  ensure  adequate  performance 
at  economical  costs.  Moreover,  for  materials  outside  these  limits,  the 
contractors  would  be  paid  at  a reduced  rate  for  a portion  of  their  work. 
Under  the  conventional  procedures,  such  material  probably  would  have  been 
accepted  and  full  payment  would  have  been  made. 

In  moving  towards  probability  concepts  for  acceptance,  the  agency 
has  to  design  statistically  oriented  specification  limits  using  real  data  which 
reflect  the  real  variations  of  material  to  provide  100%  pay  for  the  normally 
accepted  "good"  job.  Otherwise,  the  amount  of  defective  material  or 

construction  characteristics  will  be  much  greater  than  those  determined  by 
the  acceptance  plan. 

/ . . 

Guidelines  of  Developing  Specification  I Jmits 

That  quality  levels  which  the  buyer  is  willing  to  pay  for,  should  be 
specified  in  terms  of  realistic  and  enforceable  numerical  limits  such  as 
"upper"  or  "lower,"  or  both.  Such  limits  should  be  based  on  variability,  to 
insure  that  some  predetermined  value  that  would  affect  pierformance  is  not 
exceeded  (AASHTO,  1986). 

Highway  Research  Board  (HRB)  (1965)  presents  guidelines  for 
developing  acceptance  limits  for  specifications. 
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1.  Determine  the  significant  characteristics  which  are  known  to 
control  the  performance  of  the  material  or  construction. 

2.  If  significant  characteristics  cannot  be  measured  directly, 
determine  the  properties  known  or  those  correlated  with  the 
significant  characteristic  and  determine  which  ones  are 
practical  to  measure. 

3.  Select  the  testing  method  most  practical  and  economical  to 
measure  the  property.  This  involves  consideration  of  (a)  the 
suitability  of  the  method  as  a control  test  that  will  provide  a 
quick  indication  of  a deficiency  at  a time  when  remedial  action 
is  possible;  (b)  equipment  and  manpower  costs,  and  (c)  the 
accuracy  of  determination.  A method  with  less  precision  may 
be  preferable  to  a more  precise  method  if  a large  number  of 
test  results  can  be  obtained  in  a short  time,  because  a large 
standard  deviation  of  the  test  method  can  be  reduced  if  a 
sufficient  number  of  measurements  is  available. 

4.  Using  the  selected  test  method  for  acceptance  purposes,  make 
a sufficient  number  of  measurements,  and  provide  acceptable 
estimates  of  the  mean  and  the  standard  deviation  of  the 
measured  property.  Repeat  this  step  a sufficient  number  of 
times  at  different  locations  to  determine  if  the  standard 
deviation  of  the  measured  property  (a)  varies  widely  due  to 
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different  construction  conditions,  equipment,  or  materials  as 
the  average  value  of  the  characteristics  also  has  a wide 
variation;  (b)  varies  widely,  but  the  average  value  of  the 
property  remains  near  the  target  value,  or  (c)  is  practically 
constant  under  usual  construction  conditions. 

5.  Use  historical  data  in  obtaining  some  of  the  statistical 
information  necessary  to  establish  tentative  specifications. 

Care  must  be  taken  to  make  sure  that  these  limits  include  the 
normal  variation  of  the  measured  property  and  are  realistic 
when  applied  to  local  materials  and  performance 
requirements. 

6.  Make  sure  the  test  method  specified  for  acceptances  is  the 
same  as  that  used  when  the  limits  were  derived.  For  example, 
when  applying  Marshall  voids  criteria,  use  of  the  bulk  specific 
gravity  of  aggregates  instead  of  apparent  specific  gravity  would 
lead  to  erroneous  decisions. 


CHAPTER  3 

REVIEW  OF  THE  MATHEMATICAL  AND  STATISTICAL 
PRINCIPLES  UNDERLYING  THE  ACCEPTANCE  PLAN 


Quality  and  Variability  Concepts 
In  deyeloping  statistical  oriented  sp>ecifications,  two  fundamental 


concepts  need  to  be  understood,  quality  and  yariability.  Quality  has  two 


components:  (1)  quality  of  design  which  refers  to  aesthetic  features,  and  (2) 
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quality  of  conformance  with  criteria  (Juran,  Seder  and  Gryna,  1962). 

In  the  context  of  this  dissertation,  quality  refers  to  quality  of 
conformance  or  compliance  with  specifications.  The  greater  the  compliance 
the  higher  the  quality  and  yice  yersa.  The  noncompliance  portion  is  the  part 
of  the  work  which  does  not  exhibit  the  minimum  quality  leyel  required  by 
the  specifications,  and  refers  to  percent  defectiye  which  will  be  addressed 
later  on  in  the  chapter.  The  first  step  of  a quality  assurance  system  is 
establishing  specifications  which  means  defining  a leyel  of  quality  for  the 
materials  and  process  that  reflects  society’s  needs  and  considers  economical 
and  enyironmental  factors.  ^ 

This  is  followed  by  a construction  process  which  inyolyes  the  quality 
control  process  on  the  part  of  the  contractor.  The  customer  (i.e.,  the  owner) 


needs  to  yerify  that  the  completed  work  is  done  as  specified  by  using  an 
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inspection  procedure  during  and  at  the  end  of  the  construction  process. 
These  inspection  procedures  mvolve  utilizing  a sample  scheme  and  an 
acceptance  plan.  ^ 

^ The  concept  of  variability  comes  from  the  fact  that  all  materials  and 
construction  processes  cannot  be  homogeneous  and  they  are  subject  to  some 
variation.  Therefore,  "variability  is  universal"  which  means  "all  products, 
manufactured  or  otherwise  are  subject  to  some  variation"  (Adam  and  Shah, 
1966:2).  This  variation  could  be  a natural  and  occurs  randomly  which  most 
acceptance  plans  allow  or  a variation  resulting  from  errors  (could  be  design, 
equipment,  materials,  or  construction  errors)  which  the  producer  will  be 
penalized  by  deducting  a percentage  of  his  payment  depending  on  the 
amount  of  that  variation.  ^ 

Every  individual  observation  of  a measured  characteristic  is  unique 
even  if  all  observations  come  from  the  same  lot.  For  example,  if  ten 
measurements  of  a physical  property,  such  as  the  asphalt  content  of  a 
highway  pavement,  were  conducted  of  the  same  mix,  it  is  expected  to  get  ten 
different  values.  This  is  a manifestation  of  a concept  of  variability  that  all 
best  results  contain  some  error  or  deviation  from  the  target  value.  This 
variation  is  inherent  to  statistical  acceptance  procedures.  With  use  of 
statistics,  it  is  possible  to  define  variability  by  using  the  sampling  data  to 
compute  two  estimates;  the  average  value  of  all  the  measurements,  known 
as  the  mean,  and  a measure  of  variation  from  the  mean  which  is  known  as 
the  standard  deviation  (Adam  and  Shah,  1966).  These  two  parameters  can 
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be  visualized  when  the  observations  are  plotted  in  which  they  group 
themselves  around  a central  value  known  as  central  tendency,  which  is 
defined  as  the  central  position  on  a scale  measurement,  the  value  about 
which  the  observations  have  a tendency  to  center.  It  is  used  to  describe  the 
average  location  of  a data  set  and  could  be  measured  by  the  mean.  This 
property  by  itself  is  not  enough  to  give  an  accurate  distribution  of  the  data 
because  some  divergences  from  the  mean  will  occur;  another  characteristic  is 
required,  that  is  dispersion. 

The  dispersion,  a measure  of  variation,  describes  the  degree  of  scatter 
shown  by  the  observations.  If  the  observations  are  closely  clustered  about 
the  mean,  there  is  not  much  variability.  However,  when  the  observations 
spread  far  from  the  mean  on  both  sides,  it  means  a large  variability  is 
existent.  There  are  two  measures  of  dispersion,  the  range  and  the  standard 
deviation  or  its  square,  which  is  the  variance  (Willenbrock,  1976). 

In  most  construction  data  the  shape  of  the  plotted  measurement  is  a 
bell  shape  curve  and  is  assumed  to  be  a normal  distribution. 

Percent  Defective  Concept 

The  percent  defective  in  statistical  specifications  is  the  portion  of  the 
measured  characteristic  (population)  that  falls  outside  a single  lower  or 
upper  specification  limit,  or  outside  both  lower  and  upper  limits.  It  can  be 
estimated  as  the  cumulative  area  expressed  as  a percent  that  falls  outside 
specification  limits  under  the  quality  property’s  distribution  as  shown  in 
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Figure  3.1.  Since  it  realistically  defines  the  quality  characteristics  of  the 
inspected  item,  it  is  used  as  a measurement  tool  to  make  acceptance 


decisions  and  adjusted  payments.  The  smaller  the  percent  defective  in  the 
lot,  the  better  the  quality  and  the  lot  deserves  a higher  payment  (i.e.  have  a 
1.00  pay  factor).  One  advantage  of  this  concept  is  that  it  can  be  applied  to / 
any  statistical  specification,  regardless  of  whether  a single  limit  or  double 
limit  specification.  Another  advantage,  the  potential  economy  of  percent 
defective  concept  could  serve  as  an  incentive  to  maintain  good  quality 
control  process.  When  the  producer  maintains  a tight  quality  control,  it 
means  he  will  get  a lower  variability  for  the  production  process.  As  a result 
he  can  shoot  for  a lower  characteristic  mean  and  can  still  meet  the 
acceptance  criteria.  While  the  producer  with  a loose  quality  control 
program  will  get  a high  variability  in  his  production  process,  it  will  be 


difficult  for  him  to  meet  the  specification  requirements  unless  he  targets  for 
a higher  production  mean  which  will  cost  him  more.  That  is  true  because. 


as  shown  in  Figure  3.2,  an  infinite  number  of  process  average  and  variance 
combinations  result  in  the  same  percent  defective  (Barros,  1982). 
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Figure  3.1.  Percent  defective  under  the  property’s  distribution  curve. 
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Figure  3.2.  The  flexibility  of  the  percent  defective  quality  measure 
with  respect  to  p and  o (from  Barros,  1982,  p.  51,  reproduced  with 
permission). 


General  Theory  for  Estimating  the  Percent  Defective 
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Introduction 

n 

There  are  four  cases  where  the  percent  defective  can  be  measured. 
These  are  (Willenbrock  and  Kopac,  1976b) 

Case  (1)  Population  mean  n and  population  standard  deviation  a 

are  both  known. 

Case  (2)  /z  is  known,  and  a is  unknown. 

Case  (3)  /z  is  unknown,  and  a is  known. 

Case  (4)  /z  and  a are  both  unknown. 

Case  (1)  is  the  simplest  case  where  the  population’s  parameters  are 
both  known,  so  there  is  no  need  to  take  samples  from  the  population  and 
the  percent  defective  can  be  calculated  directly  using  these  parameters  as 
illustrated  later  in  the  chapter.  This  case  is  not  the  case  in  the  construction 
field  where  the  estimate  of  the  variability  is  the  main  objective. 

4-  ^ 

Case  (2)  and  case  (3)  rarely  exist  in  the  highway  construction  field,  so 
they  will  not  be  explored. 

Case  (4)  is  the  most  complicated  case,  and  it  will  be  detailed  in  this 
chapter  because  it  is  the  most  encountered  case  in  construction  situations, 
and  it  is  the  one  which  is  assumed  when  the  acceptance  plan  is  developed. 
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General  Theory 

Blackwell  (1947)  has  concluded  that  for  variable  x which  has  density 
of ^ is  any  unbiased  estimator  of  0,  and  0 is  a sufficient  statistic  for 
0,  then  E(g  10  ) is  also  unbiased  for  0 with  a variance  not  greater  than  that 
ofg.  Lehmann  and  Scheffe  (1950)  have  concluded  that  when  0 is  complete 
(which  means  if  there  is  a function  of  0 which  has  an  expected  value  equal 
to  zero,  then  this  function  must  be  identically  zero  for  all  values  of  ^ for 
which  the  function  has  positive  probability),  then  every  estimable  function  of 
h(0)  possesses  an  unbiased  estimator  f(0)  such  that  p(0)  = h(0)  with 
uniformly  smallest  variance  (with  respect  to  the  class  of  unbiased  estimators 
of  h( 0))  and  it  is  the  unique  unbiased  estimate  of  h(0). 

Furthermore,  there  is  an  unbiased  estimate  of  the  fraction  of  a 
population  lying  outside  a fixed  range  (i.e.,  specification  limits)  known  as  the 
percent  defective,  p,  and  has  the  uniformly  smallest  variance.  This  estimate 
is  the  unique  unbiased  estimate  of  p which  is  a function  of  the  sufficient 
statistics  (Lieberman  and  Resnikoff  1955).  When  the  population’s 
parameters  (i.e.,  the  mean,  p,  and  the  standard  deviation,  a)  are  known  this 
is  considered  to  be  the  simplest  case.  In  this  case,  if  the  random  variable  is 
normally  distributed,  p is  the  area  under  the  standardized  normal 
distribution  curve  which  falls  outside  the  specification  limit  statistics  (see 
Figure  3.3).  This  can  be  expressed  in  terms  of  probability  distribution  of  the 


measurements  as  follows 


40 


Figure  3.3,  Percent  defective  under  the  standardized  normal 
distribution  curve. 


% 
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Lieberman  and  Resnikoff  (1955)  have  shown  that  ifxp  x„  are 
independent  random  variables  from  the  above  normal  distribution,  then,  p 
is  unbiased  where  p is  the  usual  attribute  estimate  of  the  fraction  defective 
(i.e.,  the  ratio  of  the  number  of  defective  items  to  the  sample  size). 

Blackwell  (1947)  and  Lehmann  and  Scheffe  (1950)  all  have  concluded  that 
P - E(P  / 0 ) is  the  best  estimate  of  p.  This  "best  estimate"  means  the 
unique  uniformly  minimum  variance  unbiased  estimate  of  p,  where  6 are 
the  sufficient  statistics  for  normal  distribution.  Since  p^  is  the  sum  of 
independent  identically  distributed  random  variables  taking  on  the  values  0 
and  1,  it  is  evident  that  p = E(p  / 0 ) is  equivalent  to  E(p  / 0 ) where 

p is  defined  as  follows;  Let  g be  any  one  of  the  observations  (x^  x^  ....,  x„), 
say  Xj. 


If  L ^ U,  then 
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P ( y . JCa  • ^ . • • . ) = 0 (1) 

otherwise, 

( y • *2  ■ *3 1 •••  p ) = 1 (2) 

(Lieberman  and  Resnikoff  1955). 

The  Estimate  of  p When  the  Population  Variance  is  Unknown 
If  the  sample  is  taken  from  a normally  distributed  population  with 
unknown  mean  and  standard  deviation  (i.e.,  fx,  a)  such  as  the  case  with  most 
construction  situations,  the  procedures  will  be  more  complicated  and  no 
longer  will  the  normal  distribution  be  applicable  for  the  estimate  of  p.  And 
the  sample  statistics,  which  provide  this  best  estimate  of  p,  follow  a 
symmetrical  Beta  (/?)  distribution  (Department  of  Defense,  1958). 

However,  the  sample’s  parameters  J and  5^  are  sufficient  statistics 

^tid  p ( X , ) = E{p  I X , ) 

where 

X is  the  sample  mean  = ^ 

i=i  n 

is  the  sample  sum  of  squares  = f;  (x  - x 

Lieberman  and  Resnikoff  (1955)  have  provided  a complete  derivation  for 
the  estimate  of  p (x  , ) based  on  Equation  (1)  as  follows: 


= 1 -f[Ul^JLL^dy 

hix.S^ 


(3) 


where  y is  any  observation  in  the  sample,  and  the  function  f(y,x.S^  is  the 

joint  probability  density  of  y,  and  h {x  , is  the  joint  probability  density  of 
and  and  it  is  given  by 


h (7.  = 


^ (5'2)(ii-3)g  g -«  - 5^(2o) 


(2o2)(»-1V2 


To  find  f(y,x,S^  consider  the  joint  density  of  the  sample  statistics 

f (y  • x'  , S'^  where,  p = JL  £ v , s'2  = E ( ;t  - ? )2  , therefore 

n-1  <-2  i=2 


^ ^ -(y-uA2<f* 

/ ^ 

v"-i  --r«-i)(?-uA2(T* 

]/2na  J 

\/2ito  j 

' (5*2)(<i-4)/2  ^ 

r 

k 

n-2  ] 

2 J 

( 2o*  )("-2W2 

Now,  let 
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y = y 


then, 


f{y,x',s'^)  = 


2na^  F (^) 


« f.  - - i(*-4V2 

S*  - — (x  - y)2  I • 


n-1 


• e 


(5) 


where 


C = 


n-1 

2o* 


n-1 


(nx  - 
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n-1 


(n-iy 


(x  - yf 


and  the  variables  are  subject  to  the  restrictions 
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Dividing  equation  (5)  by  *(7,5®)  results  in  conditional  density  ofy, 


f(y),  given  x and  Si 


fiy)  = 


N 


n-1 


v^r( 


n-1 
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If  2 is  a random  variable  equal  to 
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z 


1 

2 


N 


n 

n-1 


The  density  of  z is  g(z)  which 


is  given  by 

(n/2-1)-1  (1 


for  0 ^z  ^ ] 

g(z)  is  a symmetrical  p density  function  with  parameters  f ] , so  it 


will  be  denoted  by 


As  it  was  shown  earlier,  total  estimated  p>ercent  defective  p ^ + p. 

Since  P ,S^)  = Pr  iy  > U \x  , ) * Pr  iy  < L\x  , S^). 

then  in  terms  of  z; 


p {x  , s^) 


Pr 
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Pr 
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p(pc  ,S^  = !o  jp  (|  _ 1)  + 
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nwxlO,! -fT-I)V5(2Sv^ 

/o  dp  (|-1) 


(8) 


(Lieberman  and  Resnikoff,  1955). 

Given  s,  sample  standard  derivation,  s = 5/Vn^  , so  that 


_ maxJ0.1-{u-gvi5«»(ii-1)J 

p(x.s)=fo  2 « 


dp  q-1)* 


/omax(0,l-(J-L)v^2s(n-1)]  rfp  (|  - 1) 


(9) 


Since  the  Q-values  for  the  upper  and  lower  specification  limits  are 


substituting  those,  equation  (9)  will  result  in 


m = /o  ' ' ^ rfp  (|  - 1) 


dp  - 1) 


To  simplify,  let 


*1  = max[0, 


1 - 1 o J^i 

2 2^"  n-r 


and 


X2  = max[0,  -^1 

^ ‘ 2 2 n-r 
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therefore 

p{x)  = rfp  (|  - 1)  > dp  (|  - 1) 

f 0 i X i 1 

pipe)  = (a,  *)  + /^  (a,  *)  ] a > 0 

[ i > 0 

where  a = b = R -1. 

2 

f^)  can  be  evaluated  using  the  tables  of  the  incomplete  p 
function,  such  as  those  in  Pearson  (1956). 

The  Acceptance  Criterion 

When  a lot  is  inspected  for  acceptance,  one  of  the  following  three 
cases  is  expected: 

Case  (1)  The  lot  is  satisfactory,  therefore  it  will  be  accepted  and 

the  contractor  will  become  eligible  to  receive  full 
payment. 

Case  (2)  The  lot  is  unsatisfactory  and  will  be  totally  rejected  and 

shall  be  removed  from  the  work. 

Case  (3)  The  lot  contains  an  unsatisfactory  percentage  of 

nonspecification  material.  It  may  be  accepted  and  the 
contractor  is  eligible  for  a partial  payment. 

These  cases  will  be  explained  in  mathematical  terms. 
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Case  (1)  is  applicable  when  ^ M where  p is  the  estimated  percent 
defective  and  M is  the  maximum  allowable  percent  defective.  M varies 
depending  upon  other  factors  such  as  the  sample  size,  n the  producer’s  risk, 
alpha  (flr),  and  the  AQL.  For  a one-sided  sp>ecification,  for  example,  density 
of  bituminous  pavement  where  there  is  only  a lower  specification  limit  (L), 
the  acceptance  criterion  will  be  as  follows: 

Accept  the  lot  if  x - fcs  ^ L,  where  s is  the  sample  standard  deviation 

and  equal  to  s!\l^  and  is  a function  of  n.  Lieberman  and  Resnikoff 

(1955)  have  concluded  that  if 
Pm  is  defined  by 

(|  - 1)  = M , 

then 

^ s A/  if  and  only  if 


(1  - 2p  J / 


therefore, 

x-s^i^  - 2 p J ^ L 

v« 


Substitute  g = S/y/n^  then, 

^ (1  - 2 p J . L 


X - s 


(11) 


49 

(Lieberman  and  Resnikoff,  1955. 
therefore  ^ ^ Af  if  equation  (11)  is  valid. 

Case  (2)  is  applied  if  p is  greater  than  a specified  value,  it  is 
symbolized  R,  that  is 

p>  R 

R can  be  defined  in  the  same  way  M is  defined  above  using 
incomplete  fi  function  tables,  where 

= /J*  rfp  (|  - 1) 

For  a one-side  specification  the  procedure  will  be 
Reject  the  lot  if  J _ jts  < i,  and  ^ if 


(1  - 2P^/^ 


n 

n-1 


< 


X - L 

S 


therefore, 

J - S (1  - 2p  J < L 

ft 


then 

r - 5 ^ (1  - 2p«)  < L (12) 

v« 

And,  p > R,  if  the  lot  containing  an  unsatisfactory  percentage  of 
nonspecification  material  has  a pay  factor  less  than  0.75.  The  lot  will  then 
be  rejected  and  shall  be  removed  from  the  work. 
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Case  (3)  is  applicable  when  A/  < ;T  < jj  ^^ich  means  a lot 
containing  an  unsatisfactory  p>ercentage  of  nonspecification  material 
(marginal  quality)  may  be  accepted  provided  the  pay  factor  is  at  least  0.75. 
When  k is  equal  to  (n-l)(l-2  //n,  the  procedures  f and  x - ks 

are  equivalent.  Further,  the  procedures < R and  x - ks  < L are 
equivalent,  because  they  have  identical  OC  curves. 

For  double  specification  limits,  the  same  procedures  will  be  followed, 
except  p = p L + P u which  will  be  compared  to  both  limits.  Resnikoff 
(1952)  has  concluded  that  a single  limit  OC  curve  is  applicable  for  a double 
specification  limit  for  all  practical  purposes.  Furthermore,  Duncan  (1974) 

found  that  single  limit  OC  curves  are  sufficiently  accurate  for  most  double 
specification  limits. 

The  B Distribution 

The  P distribution  is  used  in  estimating  the  percent  defective  of 
variable  acceptance  plans  with  unknown  standard  deviation  for  a given 
sample  size  (n),  and  specification  limits  {U  and  L).  The  distribution  is 
defined  for  a random  variable  v by  the  following  frequency  (density)  function 
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The  parameters  a and  b give  the  distribution  flexibility  in  shape  so  that  it 
can  exhibit  a variety  of  shapes  as  a and  b vary,  as  shown  in  Figure  3.4, 

The  Gamma  (f)  function  will  be  defined  later.  The  mean  of  the 
distribution  is 

a 

" — Z 

a b 


and  its  standard  deviation 


a = 


N 


a b 


{a  + b'f  (a  + b + 1) 


(Willenbrock  and  Kopac,  1976b). 

Symmetrical  B Distribution 

It  is  seen  in  the  preceding  section  that  the  percent  defective,  p,  for 
unknown  variability  acceptance  plans  should  be  estimated  as  a function  of 
the  symmetrical  p distribution,  which  is  a special  case  of  the  P distribution 
for  which  the  parameters  (i,e.,  a,  b)  are  equal.  Equation  (7)  shows  the 
equality  of  these  parameters  and  they  are  a function  of  the  sample  size,  n. 
The  symmetrical  p distribution  may  take  any  one  of  the  different  shapes  as 

illustrated  in  Figure  3.5,  depending  upon  the  value  of  the  parameters  a and 
b. 
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f(v) 


f(v) 


Figure  3.4.  Beta  distribution  curves  (from  Willenbrock  and  Kopac, 
1976b,  p.  97,  reproduced  with  permission). 
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Figure  3.5.  Symmetrical  beta  distributions  (a=b)  (from  Willenbrock 
and  Kopac,  1976b,  p.  96,  reproduced  with  permission). 
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The  estimate  of  percent  defective  is  represented  by  the  area  under 
the  symmetrical  /?  distribution  curve  from  v = o to  v = x,  and  can  be 
defined  by  the  following  incomplete  P function  (Willenbrock  and  Kopac, 
1976b), 


fc-1 


rfv 


(see  Figure  3.6), 
where. 


X = max[0. 


^<?  v/^n-1] 


5 


V = /«?  . n) 
and 

Q is  previously  defined. 

r is  the  symbol  for  the  Gamma  function  which  is  defined  for  the 
argument  (C+i)  by 

r(C  + 1)  = i;x^  e-^dx 

Miller  (1953)  has  shown  when  (C  + 7)  is  a positive  integer,  then 

r(c  + 1)  = (Cl) 

and  when  (C  + i)  is  a positive  half-integer,  then 

r(c  + 1)  = c • (c  - i)(c  - 2)  (0.5)  • r(0.5) 

where 


r(0.5)  = jt  . 
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Figure  3.6.  The  incomplete  beta  function  ratio  (from  Willenbrock 
and  Kopac,  1976b,  p.  99,  reproduced  with  permission). 


56 


Moreover,  T function  may  be  evaluated  directly  from  special  tables,  such  as 
those  by  Pearson  (1965). 

Noncentral  /-Distribution 

The  sample  average,  J is  a key  parameter  in  statistical  sampling  for 
making  inferences  about  the  population.  Since  x is  a random  variable  it  has 
a probability  distribution  known  as  sampling  distribution  of  sample  averages, 
which  consists  of  all  possible  values  of  the  sample  average  for  a fixed  sample 
size.  The  mean  of  this  distribution  is  equal  to  the  mean  of  the  underlying 
population,  and  its  standard  deviation,  known  as  the  standard  error,  is  equal 
to  that  of  the  population  divided  by  the  square  root  of  the  sample  size. 

The  Central  Limit  Theorem  states  that  "If  a population  is  not  normal, 
then  the  sampling  distribution  of  averages  is  approximately  normal  for  large 
n distribution."  Thus,  the  normal  distribution  can  be  used  to  approximate 
probabilities  for  nonnormal  distribution  using  large  samples  (n  ^ 30)  (Dowdy 
and  Warden,  1983:155).  Therefore,  the  statistic  for  the  distribution  of 
sample  averages  is 


The  denominator  is  sometimes  called  the  standard  error,  where, 
z = distributed  standard  normal,  N(o,l) 

X = a sample  average 
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x„  = an  assumed  value  for  the  mean 

a = a population  standard  deviation 

n = a sample  size. 

The  normal  distribution  tables  will  be  used  to  define  areas  under  this 
distribution.  However,  when  the  sample  size  is  small  (i.e.,  n < 30),  the 
estimate  of  a is  no  longer  accurate,  and  the  sample  standard  deviation,  s will 
be  used  along  with  another  statistic  (assuming  the  distribution  to  be  normal), 
that  is 

t = ^ 

where  t is  distributed  as  student  /-distribution  and  uses  the  student  t tables 
which  expanded  upon  the  normal  tables  (i.e.,  it  approaches  the  normal 
distribution  as  the  sample  size  increases).  The  student  /-distribution  is  also  a 
symmetrical  distribution  in  which  / is  distributed  around  the  mean  of  zero,  so 
if  the  true  average  of  / is  equal  to  zero,  then  the  population  mean,  (x  is 

However,  when  (x  is  less  than  the  true  average  of  /-statistic  is  different 
from  zero  which  results  in  a skewed  distribution  known  as  noncentral  /- 
distribution  which  is  a generalized  form  of  the  student  /-distribution  (Barros, 
1982). 

/In  the  variables  acceptance  plan  when  the  standard  deviation  is 
unknown,  the  OC  curves  are  calculated  using  the  noncentral  /-distribution 
tables,  because  the  statistic 
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t = — — - andlor  t = ^ ~ ^ 
s s 

is  distributed  by  the  noncentral  /-distribution,  (Willenbrock  and  Kopac, 
1976c).  Lx)cks,  Alexander,  and  Byars  (1963)  defined  t as  follows. 


y/w 

where 

z is  a random  variable  distributed  normally  with  (fi  = 0,  a = 1) 

w is  a random  variable  distributed  as  x^/f,  with  / degrees  of 

freedom  in  t 

6 is  the  noncentrality  parameter 

The  noncentral  /-distribution  function  is  given  by  Johnson  and  Kotz 
(1970)  as 

n(r)  = £1 

2(/-iv2  rmM 


i 


V / ^ 


2 

/ 


- /:  rfv 


The  probability  of  observing  an  estimated  difference  on  statistic  / is 
presented  in  different  tables  of  triple  entry  since  the  distribution  depends  on 
the  two  parameters  / and  6.  Such  tables  are  presented  in  Resnikoff  and 
Lieberman  (1957). 
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/ The  noncentral  /-distribution  is  used  in  calculating  the  operating 
characteristics  of  the  acceptance  plan  by  obtaining  the  probability  of 

acceptance  for  every  possible  percent  defective  when  the  standard  deviation 
is  unknown.  . 

Hypothesis  Testing  and  Types  of  Error 

Usually  the  specifications  specify  a target  value  {TV)  for  each 
measured  property  or  characteristic  believed  to  be  the  optimum  value  for 
this  property  based  on  performance  and  cost.  However,  certain  variability 
exists,  so  the  average  value  of  the  measured  property  is  not  a constant. 
Therefore,  certain  tolerances  are  allowed  to  account  for  the  variability.  For 
example,  the  highway  agency  may  be  interested  in  determining  whether  the 
asphalt  content  of  a new  constructed  pavement  is  5%  (i.e.,  representing  the 
TV  which  is  the  value  of  the  approved  job-mix  formula).  It  is  known  that  if 
the  asphalt  content  considerably  exceeds  the  designed  value  (i.e.,  TV)  the 
pavement  may  exhibit  some  problems  such  as  bleeding  or  permanent 
deformation,  whereas  if  the  asphalt  content  is  far  less  than  the  TV,  the 
pavement  may  also  exhibit  other  types  of  failures  such  as  cracking  or 
raveling.  If  the  agency  has  to  make  a decision  to  accept  or  reject  the  lot 
based  upon  the  asphalt  content,  it  is  impractical  to  sample  all  the  material 
(the  population).  Therefore,  the  probability  concepts  should  be  used  to 
make  inferences  about  the  population  based  upon  sample  results  drawn 
from  that  population,  and  then  the  acceptance  decision  should  be  made. 
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This  evaluation  process  is  in  fact  a hypothesis  testing  based  on  the  concepts 
of  probability,  to  make  inferences  about  populations  that  are  not  totally 
accessible.  The  inspector  would  perform  a test  of  hypothesis  to  get  some 
information  about  //.  These  statistical  procedures  start  by  stating  the  null 
hypothesis;  symbolized  as  H„  which  essentially  is  to  accept  the  assertion  that 
has  been  made.  In  our  example,  the  actual  asphalt  content  (i.e.,  the 
population  mean,  n)  will  be  the  same  as  the  designed  value  (i.e.,  TV).  In 
symbols, 

= TV. 

The  alternative  hypothesis  symbolized  as  H„  might  be 

H,  : n ^ TV. 

Then  based  on  the  sample  result,  a conclusion  could  be  drawn  if  the  null 
hypothesis  is  true  or  false  using  a statistic  test  and  a predetermined 
confidence  level  which  allows  for  some  variations.  The  magnitude  of  this 
variation  depends  upon  the  selected  confidence  level.  Since  the  conclusion 
depends  upon  random  variables,  there  is  no  way  to  be  certain  that  the 
correct  conclusion  has  been  reached.  It  is  possible  to  reject  the  null 
hypothesis  when  it  is  actually  true.  This  error  is  called  a Type  I error  and 
the  probability  of  committing  this  error  is  denoted  by  a,  and  it  is  called  the 
level  of  significance,  and  must  be  chosen  before  the  start  of  sampling 
process.  In  other  words,  there  is  a percent  chance  that  a true  hypothesis 
will  be  rejected  based  on  sample  result.  On  the  other  hand,  to  accept  a null 


61 


hypothesis  when  it  is  false  is  called  a Type  II  error,  and  the  probability  of  its 
occurrence  is  These  errors  are  known  in  acceptance  plans  as  sampling 
risks;  a is  the  producer’s  risk,  and  P is  the  buyer’s  risk  and  they  will  be 
discussed  in  the  next  chapter. 


CHAPTER  4 

THE  ACCEPTANCE  PLAN 

The  Concept  of  the  Acceptance  Plan 
As  discussed  before,  when  a decision  has  to  be  made  by  choosing  one 
of  two  actions,  either  accepting  or  rejecting  a given  hypothesis,  there  is  a risk 
of  making  the  wrong  decision.  This  is  done  by  either  accepting  the 
hypothesis  when  it  is  incorrect  (Type  I error),  or  rejecting  the  hypothesis 
when  it  is  correct  (Type  II  error). 

In  highway  construction,  the  engineer  must  make  an  acceptance 
decision  whether  to  accept  or  reject  the  submitted  lot.  Consequently  there 
are  two  potential  risks;  one  is  accepting  the  lot  when  it  is  rejectable  (P-risk); 
the  other  is  rejecting  acceptable  work  (a-risk)  (see  Figure  4.1).  One  way  to 
avoid  p-risk  is  to  have  the  lot  produced  right  in  the  first  place.  However, 
since  variability  always  exists  in  construction  work,  it  is  not  possible  to 
eliminate  P-risk;  it  is,  nevertheless,  possible  to  minimize  it.  On  the  other 
hand,  conducting  a 100%  inspection  of  the  submitted  lot  can  eliminate  both 
risks  a and  p.  The  100%  inspection  is  impractical,  not  economically  feasible, 
and  could  cause  damage  to  the  product  if  the  inspection  test  is  destructive. 
Therefore,  the  most  effective  and  virtual  way  of  making  acceptance  decisions 
for  construction  items  is  to  employ  a statistical  acceptance  plan. 
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Acceptance 
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Figure  4.1. 


Possible  risks  associated  with  any  acceptance  decision. 


64 


The  design  of  the  acceptance  plan  requires  an  extensive  study  of  the  existing 
conditions  to  choose  values  for  the  plan’s  parameters  that  fulfill  the 
requirements  of  the  quality  assurance  program  employed  by  the  purchasing 
agency.  Among  the  subjects  needed  to  be  addressed  are  the  following. 

1.  The  definition  of  quality  in  terms  of  noncompliance  with  criteria 
(i.e.  percent  defective)  based  upon  the  purchasing  agency  needs. 
This  could  be  accomplished  by  defining  what  is  acceptable 
quality  (i.e.,  AQL)  and  what  is  rejectable  quality  (i.e.,  RQL)  and 
how  much  the  agency  can  bear  with  respect  to  p-risk. 

2.  The  protection  needed  to  be  given  to  the  producer  (i.e.,  a) 
against  rejecting  satisfactory  material. 

3.  The  ability  of  the  plan  to  meet  the  above  requirements  which 
can  be  assessed  using  a technique  called  the  operating 
characteristic  curves;  therefore,  this  technique  should  be  fully 
explored  and  comprehended. 

4.  The  economic  impact  of  applying  the  plan  in  terms  of  the  cost  of 
the  minimum  sample  size  needed  to  achieve  the  above 
requirements. 

5.  The  criticality  of  the  measured  characteristic  i.e.,  critical,  major, 
minor,  or  contractural,  as  discussed  earlier. 

Therefore,  the  acceptance  plan  is  characterized  by  five  parameters:  AQL, 
RQL,  sample  size  (N),  a,  and  p.  The  values  of  the  last  two  parameters  are 
dependent  on  the  selected  values  of  the  first  three.  Furthermore,  any  four 
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of  these  five  parameters  can  be  set  which  will  then  establish  the  fifth 
parameter. 

AOL  and  ROL 

Most  of  the  existing  acceptance  plans  are  designed  to  be  used  for  an 
industrial  field  in  which  a sharp  quality  line  is  defined  to  distinguish  between 
perfect  and  defective  materials  with  no  compromise.  In  highway 
construction  situations,  it  is  seldom  that  such  quality  line  exists,  but  it  is 
nevertheless  possible  to  define  two  quality  levels  in  which  material  is  clearly 
acceptable  or  rejectable.  These  two  reference  quality  levels  are  AQL  and 
RQL.  The  marginal  quality  material  between  these  two  defined  levels  will 
be  dealt  with  in  a special  way  so  that  it  may  be  accepted  with  reduced  price 

by  utilizing  an  adjustment  payment  provision  which  will  be  discussed  later  in 
the  chapter. 

It  is  essential  to  start  the  design  of  the  plan  with  making  a decision  of 
selecting  preliminary  values  for  AQL  and  RQL  It  is  meaningful  to  say  that 
good  quality  materials  tend  to  have  a certain  percentage  of  their  measured 
characteristics  outside  specification  limits.  If  this  percentage  is  determined, 
then  AQL  has  been  established  which  indicates  the  level  of  lot  percent 
defective  at  or  below  the  work  considered  to  be  satisfactory  and  acceptable. 
Therefore,  AQL  can  be  defined  as  the  p>ercent  defective  that  is  desired  as 
the  production  process  average.  On  the  other  hand,  RQL  is  the  maximum 
p>ercent  defective  in  which  the  lot  is  considered  acceptable,  so  it  is 
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meaningful  to  consider  any  material  with  a percent  defective  greater  than 

/ 

RQL  as  defective.  In  the  context  of  this  study,  both  AQL  and  RQL  are 
stated  in  terms  of  percent  defective  and  they  provide  two  reference  points  in 
which  the  plan  can  be  developed.  There  are  no  rules  and  few  guidelines  in 
selecting  values  for  AQL  and  RQL  However,  knowledge  of  the  industry 
production  capability  (which  can  be  obtained  from  historical  data), 
individual  experience,  good  judgment,  awareness  of  the  agency  needs,  and 
economical  consideration  are  the  most  important  factors  in  choosing  the 
values  of  AQL  and  RQL  '/ 

tt-Risk  and  B-Risk 

AQL  and  RQL  are  meaningless  unless  the  producer  and  buyer  risks 
are  defined.  When  an  acceptance  decision  is  made  there  is  no  guarantee 
that  the  right  conclusion  has  been  reached.  The  producer  is  taking  a risk  of 
having  his  good  quality  work  rejected.  On  the  other  hand,  the  purchasing 
agency  is  taking  a risk  of  accepting  poor  quality  material.  The  producer’s 
risk  (a)  is  defined  by  the  probability  of  Type  I error’s  occurrence,  which  is 
the  probability  that  the  acceptance  plan  will  erroneously  reject  a lot  that  is 
truly  satisfactory  and  acceptable.  Whereas  the  buyer’s  risk  (p)  is  the 
occurrence  probability  of  Type  II  error,  which  can  be  defined  by  the 
probability  of  erroneously  accepting  a lot  that  is  truly  rejectable.  The 
acceptance  plan  should  be  designed  to  provide  sufficient  protection  for  both 
parties.  Selecting  a high  value  for  a will  decrease  the  confidence  level  (i.e.. 
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l-a%),  and  it  will  be  disadvantageous  to  the  producer,  because  the  chance 
of  rejecting  his  good  material  is  high,  which  could  result  in  an  increase  of  bid 
prices  in  the  long  run.  On  the  other  hand,  the  plan  should  be  designed  so  it 
will  give  a reasonable  chance  of  detecting  any  significant  deviation  from  the 
specifications  by  increasing  the  power  of  the  plan  (i.e.,  1-P)  which  means 
decreasing  P-value.  Otherwise,  the  purchasing  agency  may  pay  for  a 
substandard  quality  product.  Therefore,  when  developing  an  acceptance 
plan,  another  decision  must  be  made  regarding  the  amount  of  risk  each 
party  would  bear.  The  values  of  a and  p should  be  small  and  reasonable 
without  significant  impact  on  the  sampling  inspection  cost  and  considering  all 
related  factors.  Dowdy  and  Wearden  (1983)  state  "we  usually  try  to  achieve 
a balance  between  a level  and  the  power  [1-P].  We  want  a moderately  low 
a level  (as  0.05)  and  try  to  get  the  power  as  high  as  possible,  usually  by 
taking  relatively  large  samples"  (p  63). 

MOC  had  chosen  to  fix  the  value  of  a at  0.05  throughout  the  plan 
while  p varied  with  the  sample  size,  and  it  could  be  reduced  by  taking  more 
samples. 

After  selecting  the  values  of  the  acceptance  plan’s  parameters,  a 
relationship  between  the  probability  of  accepting  the  lot  and  the  actual 
conditions  existing  can  be  established  in  order  to  evaluate  the  performance 
of  the  proposed  plan.  This  relationship  results  in  what  is  known  as 
operating  characteristic  curves  (OC  curves). 
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OC  Curves 

Stating  the  values  of  a and  p for  an  acceptance  plan  is  meaningless 
unless  the  plan  is  evaluated  and  both  risks  are  assessed  for  all  possible  levels 
of  quality,  and  this  can  be  done  through  OC  curves. 

The  OC  curves  are  the  graphical  representation  of  the  acceptance 
plan.  They  describe  the  chances  of  a lot  to  be  accepted  if  its  characteristics 
are  given,  and  they  provide,  at  a glance,  the  associated  risks  for  the  producer 
and  purchasing  agency  (i.e.,  a and  P).  Moreover,  this  technique  is  used  to 
evaluate  the  proposed  plan  by  showing  its  ability  of  detecting  a poor  quality 
work,  and  assessing  the  performance  of  this  plan  under  different  inspection 
conditions. 

The  OC  curves  can  be  defined  as  a graphical  relationship  between  the 
probability  of  acceptance  against  a random  variable  representing  a two-sided 
alternative  hypothesis.  For  example,  an  OC  curve  for  testing  the  hypothesis 
that  the  true  lot  average  of  a measured  characteristic  is  equal  to  the  design 
value  {TV)  against  a two-sided  alternative  (i.e.,  not  equal  to  TV),  is  a plot  of 
a random  variable  which  is  the  estimated  true  mean,  x in  the  abscissa  scale 
against  the  probability  of  acceptance  of  that  assertion,  which  results  in  a 
symmetric  curve  about  TV.  Such  a plot  is  shown  in  Figure  4.2.  However,  if 
there  is  a one-sided  hypothesis  (i.e.,  less  than  or  more  than  TV)  the 
relationship  will  be  an  S-shaped  curve.  This  case  is  applicable  when  there  is 
only  a single  specification  limit  (i.e.,  lower  or  upper  limit),  as  a result  the 
constructed  OC  curve  will  be  an  S-shaped  curve  as  shown  in  Figure  4.3. 
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Figure  4.2.  A bell-shaped  OC  curve  for  double  specification  limits. 
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Figure  4.3.  Typical  single  OC  curve. 
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While  the  first  case  is  applicable  for  double  specification  limits  (i.e.,  U and 
L)  in  which  a bell-shaped  curve  will  result,  it  nevertheless— as  mentioned  in 
the  previous  chapter— has  been  concluded  that  an  OC  curve  for  a single  limit 
is  equivalent  to  that  of  double  limits  and  they  coincide  because  the  band 
between  the  two  is  very  small  so  that  for  all  practical  purposes  and 
regardless  of  the  values  of  U,  L and  o,  the  single  limit  OC  curve  can  be 
generated  and  used  for  both  cases  (Resnikoff,  1952). 

In  the  context  of  this  dissertation,  OC  curves  are  used  to  indicate  the 
probability  of  accepting  a hypothesis  of  claiming  that  the  average  percent 
defect  of  a lot  (p)  is  equal  to  zero  when  in  reality  p is  some  value  other  than 
zero.  Therefore,  ifp  denotes  the  lot  percent  defective,  P(p)  is  the 
magnitude  of  the  T3q5e  II  error,  and  can  be  represented  by  the  probability  of 
accepting  the  estimated  percent  defective-which  is  a random  variable-when 
the  true  percent  defective  equals  p.  As  a result,  there  is  a need  to  change 
the  abscissa  scale  from  x to  p because  the  concept  of  percent  defective  has 
been  used  as  an  expression  of  the  quality  throughout  this  research. 

The  simplest  case  of  OC  curves  is  when  the  distribution  parameters 
(i.e.  X and  a)  are  known  in  advance  and  the  acceptance  decision  is  based  on 
full  acceptance  of  the  lot  or  complete  rejection  of  the  lot.  The  resulting  OC 
curve  in  this  case  is  what  is  known  as  an  ideal  OC  curve. 

An  ideal  OC  curve  is  a rectangular  shape  defined  in  the  OC  curve  axes 
by  three  points  (0,  1),  (AQL,  1)  and  (AQL,  0)  as  shown  in  Figure  4.4.  The 
area  inside  those  points  is  the  acceptance  region  in  which  a lot  contains  a 
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Figure  4.4.  Ideal  and  typical  OC  curve  (from  Barros,  1982,  p.  89, 
reproduced  with  permission). 
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defect  equal  to  AQL  or  less  and  will  always  be  accepted.  A lot  with  a 
percent  defective  more  than  AQL  will  always  be  rejected.  In  both  cases 
there  is  no  chance  of  committing  either  Type  I or  Type  II  errors.  In  other 
words,  a and  p both  equal  to  zero.  In  practice,  the  assumption  that  the 
distribution  parameters  are  known  seldom  exists  in  a highway  construction 
situation  where  the  ideal  curve  can  be  barely  obtained  when  a 100% 
inspection  is  conducted  which  is  impractical. 

In  highway  construction  situations,  the  standard  deviation  is  usually 
unknown  and  the  Q-values  are  distributed  as  a noncentral  r-distribution 
(Barros,  1982).  Therefore,  given  AQL,  Q or  a,  and  a reasonable  sample 
size,  the  OC  curves  can  be  calculated  using  the  noncentral  r-distribution 
tables  by  obtaining  the  probability  of  acceptance  for  various  possible  values 
of  p.  The  resulting  OC  curves  are  adequate  to  make  an  assessment  of  the 
associated  risks  even  though  its  shape  does  not  reach  that  of  the  ideal  curve 
and  the  probability  of  accepting  a lot  with  RQL  percent  defective  is  equal  to 

P- 

Generally,  changing  the  plan’s  parameters  affects  the  OC  curve  shape, 
and  as  a result  the  operating  characteristics  of  the  plan  will  be  affected.  For 
example,  when  AQL  is  increased  the  scheme  performance  of  the  plan  is 
loosened.  Moreover,  the  curve  gets  steeper  as  n increases  and  the  plan 
tightened.  As  a result,  the  OC  curve  of  a large  sample  size  has  a smaller 
Type  II  error  (/i)  than  that  of  a small  size  sample.  Therefore,  the  OC  curve 
is  characterized  by  the  plan’s  parameters  (i.e.,  AQL,  RQL,  a,  and  /?)  and  the 
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sample  size  (see  Figure  4.5).  All  the  OC  curves,  nevertheless,  will  pass 
through  one  point  (i.e.,  AQL,  (1-a)). 

The  Design  of  the  Plan 
Choosing  the  Plan’s  Parameters 

Decisions  concerning  the  values  of  the  plan’s  parameters  need  to  be 
made  prior  to  proceeding  with  the  plan’s  tables.  The  parameters  are  AQL, 
ROL,  a,  and  the  minimum  required  sample  size  n.  Figure  4.6  shows  a 
diagram  of  the  plan  development  process.  Since  there  are  no  rules  of 
defining  values  for  these  parameters,  preliminary  values  need  to  be  chosen 
with  regard  to  the  following  facts: 

• The  smaller  AQL  the  tighter  the  plan. 

• The  larger  RQL  the  looser  the  plan  which  will  result  in  lowering 
the  standards. 

• The  smaller  the  values  of  a and  P,  the  better  the  position  of  the 
producer  and  the  buyer,  respectively.  Moreover,  a and  p can  be 
made  as  small  as  desired,  although  at  the  expense  of  increasing 
the  sampling  cost. 

• The  risk  of  accepting  rejectable  materials  gets  smaller  as  n 
increases,  because  the  larger  n the  better  ability  of  making  an 
accurate  inference  about  the  quality  of  the  lot. 
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Figure  4.5.  The  Acceptance  Plan’s  parameters  on  the  OC  curve 
(reprinted  from  Shilling,  1982,  p.  96,  by  courtesy  of  Marcel  Dekker  Inc.). 
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Figure  4.6.  Diagram  of  the  plan  development  process. 
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Moreover,  the  historical  data  of  MOC’s  projects  have  been  used  to 
evaluate  the  industry  production  capability  average.  Consequently,  the 
following  preliminary  values  have  been  suggested: 

AQL  = 5% 

RQL  = 30% 
a = 5% 

Min.  n = 5 samples. 

AQL,  RQL,  and  a are  all  constrained,  while  p is  allowed  to  vary  depending 
on  n. 

Concept  of  Probability  of  Acceptance 

The  term  "probability"  can  be  defined  here  as  the  ratio  of  favorable 
choices  to  total  possible  chances  which  have  equal  chances  of  being  selected 
at  random  (Schilling,  1982).  For  example,  if  the  probability  of  acceptance  is 
said  to  be  90%,  that  means  9 out  of  10  tests  will  pass.  Therefore,  in  order 
to  construct  the  OC  curves,  the  calculation  of  the  probability  of  acceptance 
needs  to  be  comprehended.  The  probability  of  acceptance,  for  a given 
quality  level  (in  percent  defective)  can  be  obtained  through  Tables  of 
Noncentral  t-Distribution  (1983),  and  then  used  to  locate  a point  on  the  OC 
curve  for  a given  sample  size.  To  illustrate  consider  the  following  example. 

Example.-Assume  that  a decision  has  to  be  made  regarding  the 
acceptance  of  a bituminous  pavement  lot  based  on  an  asphalt  density  test,  if 
the  maximum  allowable  estimated  percent  defective  (A/)  is  17%,  and  the 


lower  limit,  L = 96%.  The  engineer  is  interested  in  the  probability  of 
acceptance  at  the  actual  lot  quality  level  (i.e.,  AQL  = 5%)  if  he  takes  8 
random  samples. 
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Solution.— Since  a is  not  given,  Q„  has  to  be  obtained  in  order  to 
determine  the  probability  of  acceptance.  Q„  as  defined  earlier  is  the 
minimum  requirement  of  0-value  in  order  for  a lot  to  be  accepted. , To 
obtain  Q„  the  incomplete  /?  function  tables  are  used  because  the  estimation 
of  the  lot  percent  defective  with  unknown  standard  deviation  is  distributed 
as  a ^ distribution.  Entering  Tables  of  the  Incomplete  p Function  (1983), 
with  n = 8 and  M — 17%  we  find  the  following  data. 


N3mi4 


Q ... 

7 

8 

• 

• 

• 

• •• 

1 

• 

• 

• 

.955 

• • • 

.17255 

.960 

(mis;;) 

.965 

• • • 

.16981 

If  M does  not  correspond  to  a number  in  the  table,  we  take  the  next 
larger  number  in  order  to  provide  the  producer  with  more  protection. 
Hence,  Q„  = 0.96.  This  value  can  be  employed  along  with  n = 8 to  enter 
the  noncentral  t-distribution  table  which  will  look  like 


AQL 

1 

0.05 
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\P 

K \ .001 


0.075  ...  0.50 


5 i 

•95  .9522 

Q„  - .96  1.000  ...  .9494  .8807  ...  .0150 

.97  .9465 


As  we  can  see,  the  probability  of  acceptance  is  approximately  0.95. 
This  value  can  be  used  to  locate  one  point  on  the  OC  curve  for  given 
acceptance  conditions.  Moreover,  by  obtaining  the  probability  of  acceptance 
for  different  quality  levels  of  a lot,  the  entire  OC  curve  could  be  plotted. 

The  noncentral  /-distribution  tables  can  be  used  to  obtain  other  probability 
of  acceptance  for  a range  of  quality  level  (from  0.001  to  0.50)  by  taking  the 
entire  line  of  probability  corresponding  to  AQL  with  Q„.  In  our  example, 
twelve  points  on  the  OC  curve  (i.e.,  P,  (n,  p,  Q„))  corresponding  to  twelve 
values  of  p found  in  the  table  can  be  obtained  as  follows: 


p = .001 

P,(8,  .001,  .96) 

= 1.0000 

p = .005 

P,(8,  .005,  .96) 

= 0.9999 

p = .010 

i’,(8,  .010,  .96) 

= 0.9992 

p = .025 

F,(8,  .025,  .96) 

= 0.9904 

p = .050  (AQL) 

P,(8,  .050,  .96) 

= 0.9494 

p = .075 

P,(8,  .075,  .96) 

= 0.8807 

p = .100 

P,(8,  .100,  .96) 

= 0.7943 

p - .150 

P,(8,  .150,  .96) 

= 0.6035 
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p = .200 

F,(8,  .200,  .96) 

= 0.4262 

p = .250 

Pr(8,  .250,  .96) 

= 0.2830 

p = .300  (RQL) 

Pr(8,  .300,  .96) 

= 0.1775 

p = .500 

Pr(8,  .500,  .96) 

= 0.0150 

some  of  these  points  can  be  used  to  draw  the  OC  curve  for  the 

selected  quality  levels.  Usually,  the  above  range  of  p is  sufficient  for 
evaluating  the  acceptance  plan.  On  the  other  hand,  if  a is  given  (the  case 
when  the  acceptance  plan  is  used)  the  probability  of  acceptance  at  AQL  (P, 
(acceptance)  at  AQL)  is  equal  to  (1  -a)%,  and  the  procedure  of  getting  the 
probability  of  acceptance  for  different  quality  levels  is  very  similar  to  the 
previous  case  with  only  two  differences.  First,  there  is  no  need  to  get  a 
value  for  Q„  through  P -distribution  tables.  Second,  the  entry  of  the 
noncentral  /-distribution  table  will  be  with  AQL  and  (!-«)%  instead  of  AQL 


and  Qn,. 

If  we  use  the  previous  example  again  assuming  that  a = 0.05,  and  by 
entering  the  noncentral  /-distribution  table  we  will  find 


AQL 

\P  I 


K\ 

.001  ... 

.05 

1 

0.00 

• 

1.0000 

• 

• 

.96 

• 

• 

.9494 

• 

• 

3.50 

• 

• 

.0309 
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Since  AQL  = .05,  we  will  take  the  column  oip  = 0.05  and  go  down 
until  we  get  to  a value  of  0.9500  (if  we  get  very  close  to  1 -a%  (±  0.0010) 
there  is  no  need  for  interpolation  because  it  will  not  have  any  significant 
effect).  Then  we  take  the  entire  line  of  values  of  probability  of  acceptance 
associated  with  various  values  of  p found  in  the  table  which  ranges  from 
0.001  to  0.50  as  we  did  with  the  previous  example.  This  will  result  in  getting 
the  same  twelve  points  obtained  previously  when  AQL  and  Q„  were  used  as 

entry  of  the  table.  The  OC  curve  which  resulted  from  the  above  example  is 
shown  in  Figure  4.7. 

The  Construction  of  OC  Curves  for  the  Acceptance  Plan 

Therefore,  the  OC  curve  is  identified  by  two  parameters:  (1)  the 
sample  size,  n,  and  (2)  either  M or  Q„,  where  M is  the  maximum  allowable 
estimated  percent  defective  for  a given  lot  and  Q„  is  the  minimum  value  of 
Q required  for  the  lot  to  be  accepted  (i.e.,  Q-value  which  corresponds  to  M- 
value).  And  in  order  to  calculate  the  OC  curves  for  the  proposed  plan,  the 
same  technique  presented  in  the  previous  section  can  be  used. 

For  example,  to  construct  the  OC  curve  for  n = 5,  we  compute  P, 
(Acceptance)  at  AQL,  as  follows: 

Pr  (Acceptance)  at  (p  = .05)  = 1 -a  = 1 -0.05  = 0.95  or  95%. 

Entering  the  noncentral  r-distribution  table  for  n = 5,  and  p = 0.05,  we  find 
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82 


3 

o 
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D 

P 

00 
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PERCENT  DEFECTIVE  (P) 


\p 

K\  .001 
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.05  .50 


I 


.00 

• 

• 

1.0000  ... 
• 

.9999  ... 

• 

.50 

• 

• 

.82 

• ••• 

1.0000  ... 

• ••• 
-.9495  - ... 

• 

• 

.0703 

Atp  = 0.05  it  is  necessary  to  go  down  until  a probability  of  0.95 
(±  .0010)  is  found  that  is  .9495.  Then  the  entire  line  corresponding  to 
K = .82  is  taken  which  represents  the  probabilities  of  acceptance  (i.e.,  1.00 
to  .0703)  for  a range  of  p-values  (.001  to  .50).  Consequently,  twelve  points 
of  the  OC  curve  can  be  obtained: 


p = .001 

P,(5,  .001,  .82) 

— 

1.0000 

p = .005 

Pr{5,  .005,  .82) 

— 

.9996 

p = .010 

P,(5,  .010,  .82) 

— 

.9980 

p = .025 

P,(5,  .025,  .82) 

— 

.9866 

p = .050 

P,(5,  .050,  .82) 

— 

.9495 

p = .075 

P,(5,  .075,  .82) 

— 

.8965 

p = .100 

P,(5,  .100,  .82) 

— 

.8337 

p = .150 

P,(5,  .150,  .82) 

— 

.6954 

p = .200 

P,(5,  .200,  .82) 

— 

.5574 

p = .250 

P,(5,  .250,  .82) 

— 

.4315 

p = .30 

P,(5,  .300,  .82) 

— 

.3231 

p = .50 

P,(5,  .500,  .82) 

.0703 

It  can  be  noted  that  for  n = 5,  if  the  lot  contains  5%  defective,  it  will 
be  accepted  95%  of  the  time.  And  if  the  lot  is  submitted  with  20% 
defective  the  probability  of  acceptance  is  almost  70%  (i.e.,  7 out  of  10  tests 
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will  pass).  While  a lot  with  30%  defective  will  have  a 32%  chance  to  be 
accepted.  Using  all  above  points,  the  entire  OC  curve  for  n = 5 can  be 
drawn  as  shown  in  Figure  4.8. 

Therefore,  a set  of  OC  curves  can  be  constructed  for  different  sample 
sizes,  starting  with  the  minimum  sample  size  specified  by  the  specifications 
to  the  maximum  sample  size  that  might  be  reached  when  the  grand  lot 
scheme  is  applied  (will  be  discussed  later).  For  the  plan  presented  in  this 
dissertation,  the  OC  curves  will  be  constructed  for  a range  of  sample  sizes 
starting  with  n = 5 and  ending  with  n = 25.  However,  this  does  not  mean 
that  this  acceptance  plan  is  limited  to  this  range  of  sample  size.  Any  sample 
size  larger  than  5 could  be  used  with  the  plan.  Moreover,  if  any  other 
sample  size  has  a special  interest,  its  OC  curve  may  be  constructed  using  the 
same  procedure  explained  above.  Figure  4.9  shows  a set  of  OC  curves  for 
n = 9,  11,  14,  17  and  25. 

It  can  be  noted  from  Figure  4.9  that  all  OC  curves  will  pass  through 
the  point  (AQL,  (1  -a)),  and  the  scheme  performance  of  the  acceptance 
plan  is  much  tighter  for  quality  levels  equal  to  or  less  than  AQL,  but  it  is 
slightly  looser  for  other  quality  levels  above  AQL  for  all  sample  sizes.  Also, 
by  looking  at  the  same  figure,  it  is  clear  that  as  n increases  the  OC  curves 
become  widely  steeper  until  it  approaches  an  ideal  OC  curve  as  n 
approaches  infinity.  Consequently,  the  plan  becomes  more  tightened  (i.e., 
can  distinguish  quality  levels  more  easily)  and  p also  gets  smaller  as  n 

increases.  For  example,  p was  0.1775  for  n = 8,  then  it  dropped  to  .0045 


1.00 


85 


AQL  RQL 

PERCENT  DEFECTIVE  (P) 

Figure  4.8.  OC  curve  for  n=5. 
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PERCENT  DEFECTIVE  (P) 

Figure  4.9.  Set  of  OC  curves  for  n=9,  11,  14,  17,  25. 
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when  the  sample  size  was  increased  to  25.  Since  p varies  with  the  sample 
size,  and  in  order  to  provide  a sufficient  protection  for  the  purchasing 
agency  in  accepting  rejectable  quality  lots,  the  acceptance  plan  should 
specify  a minimum  sample  size  consistent  with  a reasonable  value  of  p which 
will  be  the  upper  limit  of  the  buyer’s  risk.  It  was  suggested  for  the  proposed 
plan  that  a sample  size  of  at  least  5 should  be  used  which  means  the 
acceptance  decision  will  be  on  the  basis  of  the  mean  of  at  least  5 
measurements.  This  provides  a buyer’s  risk  of  approximately  32%  in  which 
it  is  considered  reasonable  for  this  size  of  sample.  However,  when  n 
increases  to  10,  p decreases  to  less  than  12%  and  at  n = 14,  p = 0.05. 
Therefore,  this  plan  is  considered  to  be  satisfactory  since  it  provides  a 
combination  of  temperate  risks  associated  with  reasonable  sample  size  and 
practical  quality  levels  which  allow  the  contractor  to  produce  a good  quality 
product  with  a 1.00  pay  factor  regardless  of  tonnage  and  without  lowering 
the  standards.  Moreover,  this  plan  is  capable  of  detecting  poor  quality 
material  because  RQL  is  only  30%. 

Suggested  Wavs  to  Reduce  High  B for  a Designed  Plan 

If  the  proposed  acceptance  plan  results  in  a high  buyer’s  risk  (p),  it  is 
necessary  to  exercise  a trade-off  among  the  plan’s  parameters.  Among  the 
ways  by  which  p can  be  reduced  are 

• Decreasing  AQL  results  in  decreasing  the  probability  of  accepting 
a rejectable  material.  However,  this  will  tighten  the  plan  and 
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make  it  harder  for  the  producer  to  get  a full  payment  for  his 
good  quality  work. 

Using  larger  RQL  decreases  p,  although  it  lowers  the  standards 
and  could  result  in  accepting  a lower  quality  material,  therefore, 
good  judgment  should  be  exercised  in  choosing  the  value  of  RQL. 
Another  approach  of  reducing  p is  to  increase  a,  which  means 
increasing  the  probability  of  rejecting  acceptable  quality  material 
which  is  disadvantageous  for  the  producer,  and  may  result  in  an 
increase  in  bidding  prices  in  the  long  run. 

Another  means  to  decrease  p is  to  mandate  a larger  sample  size 
be  used  for  acceptance  procedures.  This  would  result  in  increase 
of  the  acceptance  process  cost  and  place  increase  demands  on 
personnel  of  the  purchasing  agency  as  well. 

The  Quality  Index  Table  fOI  Tabled 


Introduction 

In  the  preceding  chapter,  it  was  concluded  that  the  symmetrical  P 
distribution  underlaid  the  estimation  of  the  percent  defective  (p)  when  the 
standard  deviation  was  unknown  and  equation  3.10  could  be  used  to 
compute  p for  a submitted  lot  for  acceptance.  However,  rather  than  using 
that  ponderous  equation  the  p distribution  tables  can  be  used  to  develop  a 
table  which  is  considered  to  be  a unique  feature  of  the  acceptance  plan  and 
can  save  a lot  of  time  and  effort  in  estimating  the  percent  of  work  outside 
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specification  limits.  To  obtain  p for  the  submitted  lot,  the  computed  Q- 
values  (i.e.,  and  Ql)  of  the  sample  observations  are  employed  as  an 
entry  to  the  proposed  QI  table  along  with  the  sample  size  n. 

Q„  and  M Quantities 

Af  has  been  defined  earlier  as  the  maximum  allowable  estimated 
percent  defective  in  the  sample  distribution  (not  under  the  standardized 
normal  curve)  so  that  a lot  with  a quality  level  of  AQL  vwll  be  accepted  1 - 
a%  of  the  times.  In  the  proposed  acceptance  plan  there  is  a unique  M- 
value  for  each  quality  level  for  different  sample  sizes.  For  example,  a 
sample  size  of  7 has  A/-value  of  18%  for  AQL  = 0.05  and  28%  for  AQL  = 
O.iO,  whereas  a sample  size  of  8 has  an  M-value  of  17%  for  AQL  = 0.05 
and  26%  for  AQL  = 0.10.  Moreover,  for  each  M-value  there  is  a Q-value 
which  is  designated  by  Q„  (k  in  some  literature)  and  it  is  the  acceptance 
constant  in  which  a lot  could  be  accepted  if  its  Q-value  was  greater  than  or 
equal  to  Q„  for  a given  AQL.  To  illustrate,  a lot  is  submitted  for 
acceptance  based  on  AQL  = 5%  defective  (i.e.,  the  lot  actually  had  95%  of 
the  material  within  the  sp>ecification  limits)  and  a random  sample  of  7 has 
been  taken  to  make  the  acceptance  decision.  Since  M = 18  forn  = 7, 
therefore,  if  we  enter  the  incomplete  p function  tables  with  n = 7 and  M = 
18,  we  get  Qm  = 0-92  which  means  that  the  acceptance  criterion  will  be  to 

accept  the  lot  only  if  Q is  greater  than  or  equal  to  0.92,  otherwise,  reject  the 
lot. 
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Indeed,  in  the  incomplete  p function  tables  for  a given  sample  size, 
there  is  a value  corresponding  to  different  percent  defective.  As  a result, 
we  can  take  advantage  of  this  fact  to  develop  a simple  table  which  contains 
Q„  values  for  various  percent  defective.  This  table  would  be  used  to 
estimate  p directly  with  a computed  Q-value  for  given  sample  data. 

Construction  of  the  01  Table 

The  Ql-table  simply  is  the  Q„-values  which  correspond  to  various 
possible  percent  defective  for  different  sample  size.  Therefore,  p-values  are 
written  down  in  the  columns  headed  p which  are  followed  by  sample  sizes 
for  « = 5 to  n = 69  to  200.  It  should  be  noted  that  some  sample  sizes  were 
subgrouped  together,  such  as  « = 69  to  200  because  their  Q„-values  are  very 
close  so  they  become  identical  when  they  are  carried  out  to  two  decimal 
places.  The  corresponding  values  of  for  various  sample  sizes  are  given 
in  the  body  of  the  table.  A part  of  the  proposed  table  will  look  like  the 
diagram  below. 


Positive  Values  of  On  or  Q,  Negative  Values  of  Ou  or  O, 

p n=5  n=6  ...  n = ll  p n=5  n=6  ...  w = 11 


0 

1 

2 

3 


50 

51 

52 

53 


50 


100 
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The  table  was  divided  into  two  parts.  The  first  part  in  which  p ranges 
from  0 to  50  increments  of  1,  is  designated  for  the  positive  values  of  quality 
index.  Whereas,  the  second  part  where  p ranges  from  50  to  100  increments 
of  1,  is  designated  for  the  negative  values  of  quality  index.  For  each  sample 
size  column  the  Q„-values  are  obtained  using  the  incomplete  p function 
tables  for  every  percent  defective  found  in  the  column  headed  p.  It  should 
be  noted  that  since  p is  a continuous  variable  it  should  be  represented  by 
intervals  rather  than  integers  (i.e.,  the  midpoints  of  the  intervals).  To 
illustrate,  the  table  should  look  similar  to  the  sample  below. 


P 

p%  Intervals  n=5  n=6 


0 

0 - 

0.49 

1 

.50- 

1.49 

2 

1.50- 

2.49 

3 

• 

2.50- 

• 

3.49 

• 

50 

• 

• 

49.50  ■ 

• 50.00 

However,  since  the  pay  factor  table  (discussed  later)  will  be  presented 
in  integer  numbers  form,  and  to  simplify,  the  process  will  be  written  as 
positive  integers  and  their  Q„  values  will  represent  the  intervals  of  p. 
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Consequently,  Q„  values  are  obtained  for  the  upper  limits  of  p intervals, 
which  means  getting  the  lowest  possible  Q„  value  available  in  the  incomplete 
p function  tables  for  a given  percent  defective,  that  is  to  obtain  values 
for  p = 0%,  1%,  and  2%  if  « = 5.  From  the  above  example  the  upper 
limits  of  the  intervals  for  given  p values  are  .49%,  1.49%,  and  2.49%  which 
will  be  employed  to  enter  the  P function  tables  as  a representative  of  their 
intervals  which  include  the  given  values  of  p (i.e.,  0%,  1%,  and  2%, 
respectively).  Entering  the  incomplete  P function  tables  we  find  the 
following: 


N=3mi4 
Q 5 


.000 

• 

.5000 

• 

• 

1.58 

• 

• 

.0249 

• 

• 

1.60 

• 

• 

.0200 

• 

• 

1.64 

• 

• 

.0149 

• 

• 

1.68 

• 

• 

.0100 

• 

. • 

1.719 

1.72 

• 

• 

.0500 

.0049 

• 

• 

2.000 

• 

• 

.0000 

The  figures  in  the  column  headed  5,  are  p-values  for  a sample  size  of 
5,  whereas  the  figures  in  the  left-hand  column  are  its  Q„-values.  Therefore, 


the  corresponding  values  of  Q„  for  given  values  of  p are  1.72%,  1.64%,  and 
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1.58%  for  p of  .49%,  1.49%  and  2.49%,  respectively.  Thus,  each  value  of 
Q„  in  the  QI  table  represents  its  value  and  higher,  up  to  the  next  higher 
figure  in  the  same  category.  To  illustrate,  Q„  = 1.64  for  n = 5 and  /?  = 1% 
exemplify  the  range  of  Q„  = 1.64  - 1.719,  since  the  next  highest  figure  for 
the  same  category  in  the  QI  table  is  1.72,  etc.  The  user  of  the  table  does 
not  have  to  be  confused  by  this  discussion,  however,  when  he  enters  the  QI 
table  with  Qu  or  Ql  and  if  these  values  do  not  correspond  to  a figure  in  the 
table,  he  should  take  the  next  lower  figure.  To  complete  the  rest  of  the 
table,  the  same  procedures  are  repeated  in  order  to  obtain  Q„  values  for 
different  percent  defective  in  each  category  of  sample  sizes.  The  QI  table  is 
presented  as  Table  4.1.  In  order  to  illustrate  how  this  table  will  be  used,  we 
will  consider  the  following  example. 

Example. “Assume  that  with  a random  sample  of  6 it  is  necessary  to 
estimate  the  percentage  of  the  lot  material  which  has  an  asphalt  content  that 
falls  outside  specification  limits  (±  0.3  from  the  TV  of  4.0%).  And  suppose 
the  following  are  the  sample  data  of  asphalt  content  which  were  obtained 
from  random  sampling:  4.27,  3.87,  4.36,  3.94,  3.78,  and  4.15. 

Solution. “The  mean  (x)  and  the  standard  deviation  (s)  for  the  above 
data  it  is  found  to  be 

X = 4.07 

s = 0.23 


TABLE  4-1.  ESTIMATED  PERCENT  OF  WORK  OUTSIDE  SPECIFICATION  LIMITS  (QI  TABLE) 
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Those  parameters  are  used  to  compute  the  quality  indexes  as  follows: 

Qv  = — - = 1.00 

s 0.23 

^ _ x-L  _ 4.07-3.7  _ ^ 
s 0.23 

Entering  Table  4.1  (QI  Table)  with  quality  indexes  and  n in  order  to 
estimate  the  percent  defective  of  the  lot  in  both  limits  (i.e.  U and  L)  of  the 
sampling  distribution,  namely,  and  Pi.  For  Qu  = 1.0  and  n = 6,  = 

16%.  Similarly,  Ql  = 1.61  and  n = 6,  p,  = 3%.  Therefore,  the  total  out  of 
specification  percentage  (i.e.,  percent  defective)  is 

P =Pu+ Pi 

= 16  + 3 = 19%. 


Adjusted  Payment  Table  TPay  Factor  Tablel 

Introduction 

Many  specifications  used  today  in  highway  construction  are  based  on 
the  acceptance/rejection  concept  or  in  other  words,  to  either  accept  the  lot  if 
it  is  satisfactory  or  reject  the  lot  when  it  is  unsatisfactory.  In  case  of 
rejection,  some  specifications  provide  that  the  lot  must  be  removed  from  the 
site  which  results  in  a major  economical  loss  on  the  part  of  the  producer. 
Other  specifications  allow  for  the  unsatisfactory  lot  to  be  left  in  place  but 
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with  no  payment.  These  penalty  clauses  are  harsh  and  unfair  for  the 
producer,  especially  when  they  call  for  the  removal  of  the  material. 
Acknowledging  the  fact  that  all  construction  materials  are  subjected  to  some 
variation,  AASHO  (1964)  states  "all  work  performed  and  all  materials 
furnished  shall  be  in  reasonably  close  conformity  with  the  lines,  grades  . . . 
and  material  requirements."  The  key  words  "reasonably  close  conformity" 
were  not  defined  then.  However,  it  opened  the  door  for  highway  agencies 
to  consider  accepting  a lot  at  full  payment  when  it  is  in  reasonably  close 
conformity  with  the  specified  criteria  (i.e.,  when  p s M),  and  accepting  the 
lot  at  reduced  payment  when  it  does  not  fall  within  the  specified  tolerance 
limits  for  a given  characteristic  (Willenbrock  and  Kopac,  1976a).  In  other 
words,  the  marginal  quality  material  located  between  the  defined  quality 
levels  (i.e.,  AQL  and  RQL)  on  the  OC  curve  could  be  accepted  with  a 
reduction  in  the  payment.  Figure  4.10  shows  shows  the  regions  of 

acceptance,  indifference  (for  marginal  quality),  and  rejection  defined  by  the 
plan’s  parameters. 

One  way  to  apply  a reduction  in  the  payment  is  to  develop  an  adjusted 
payment  schedule  which  enables  the  user  to  determine  the  lot  final  payment 
by  quantitating  the  quality  to  payment  percentages  corresponding  to  various 
quality  levels. 

The  suggested  price  schedule  shall  be  used  in  conjunction  with  the  01 
table  presented  in  the  preceding  section  as  the  proposed  acceptance 
procedures  for  the  highway  materials  and  construction  works. 
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acceptance 


INDIFFERENCE 


REJECTION 


Figure  4.10.  Regions  of  acceptance,  indifference,  and 
rejection  defined  by  the  Acceptance  Plan’s  parameters  (reprinted  from 
Schilling,  1982,  p.  106,  by  courtesy  of  Marcel  Dekker  Inc.). 
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Criticality  of  Quality  Characteristics 

The  subject  of  criticality  which  was  addressed  in  Chapter  2 should  be 
considered  here  because  the  measured  characteristics  have  inequalities  in 
their  importance  to  the  product  performance.  The  best  way  of  incorporating 
the  criticality  of  the  item  into  the  acceptance  procedures  is  to  weigh  every 
item  according  to  its  significance  to  the  overall  product  performance.  Since 
this  approach  is  beyond  the  objectives  of  this  dissertation,  classifying  the 
characteristics  into  two  categories  (major  and  minor)  according  to  their 
importance  to  the  acceptance  decision  will  improve  the  acceptance 
procedures  and  make  it  more  reliable. 

Since  different  characteristics  play  a different  part  in  the  acceptance 
decision,  the  measured  characteristics  should  not  carry  the  same  weight 
when  the  acceptance  decision  is  made.  For  example,  in  the  acceptance  of 
the  bituminous  wearing  course,  sieve  #50  in  the  gradation  analysis  should 
carry  less  weight  than  the  asphalt  content  property  for  the  same  sample. 
Therefore,  the  asphalt  content  property  mentioned  in  the  example  above 
should  be  classified  as  a major  characteristic  while  #50  sieve  in  the 
gradation  analysis  should  be  considered  as  a minor  characteristic.  After 
classifying  the  characteristics  to  major  or  minor,  and  while  maintaining  the 
designed  AQL  value  for  the  major  category,  a different  (higher)  AOL  value 
should  be  designated  for  the  minor  category.  Grant  and  Leavenworth 
(1988)  stated  that  "The  acceptance  criteria  for  serious  defects  [or  items] 
shouldbe  more  severe  than  for  trivial  defects  [or  items].  In  other  words. 
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relatively  low  AQL  values  should  be  used  for  those  t)rpes  of  defects  [or 
items]  that  would  have  serious  consequences  and  relatively  high  AQL  values 
for  those  defects  [or  items]  that  are  of  little  importance"  (p  453). 
Consequently,  two  pay-factor  tables  should  be  developed,  one  for  major 
characteristics  and  the  other  for  minor  characteristics.  The  column  headed 
QL  in  the  first  table  starts  at  the  top  with  a pay  factor  of  1.00  at  AQL  of 
5%  and  ends  at  the  bottom  with  a pay  factor  of  0.75  at  AQL  of  30%.  While 
the  column  headed  QL  in  the  second  table  (for  minor  characteristics)  starts 
with  a pay  factor  of  1.00  at  AQL  of  10%  and  ends  with  a pay  factor  of  0.75 
at  AQL  of  35%.  Moreover,  the  computation  of  the  final  pay  factor  for  a lot 
will  depend  upon  the  results  of  all  the  quality  characteristics  tested  for  the 
same  lot  using  the  same  samples  and  the  final  pay  factor  will  be  the  lowest 
computed  pay  factor  among  those  measured  characteristics.  For  example,  in 
the  MQC’s  projects  the  final  pay  factor  for  a lot  of  bituminous  wearing 
course  will  be  determined  as  the  lowest  computed  pay  factor  of  the  following 
measured  quality  characteristics.  The  asphalt  content,  the  density,  gradation 
sieves  sizes  of  3/4  in.,  #4,  #10,  #80,  and  #200  in  which  all  the  above 

characteristic  results  are  obtained  from  the  same  samples  taken  from  the 
same  lot. 

The  Pay  Factor  Tables 

The  tables  were  designed  so  that  values  of  quality  level  (in  percent 
defective)  are  shown  in  the  left-hand  column  headed  QL.  The  next  column 
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headed  Pay  Factor  contains  various  pay  factor  values  starting  with  1.00  and 
ending  with  0.75  in  the  bottom  of  the  table.  The  body  of  the  table  (starting 
with  the  third  column  from  the  left),  headed  by  different  sample  sizes, 
contains  different  values  of  M (the  maximum  allowable  estimated  percent 
defective)  corresponding  to  every  pay  factor  found  in  the  left  hand  side  of 
the  table. 

Gpnstruction  of  Pav  Factor  Table 

The  construction  of  the  tables  starts  by  writing  down  the  figures  of  QL 
and  pay  factor  in  the  first  two  left-hand  columns  in  the  tables  as  explained 
above.  The  next  step  is  to  obtain  A/-values  corresponding  to  every 
combination  of  QL  and  sample  size  found  in  the  table  for  a given  a.  These 
values  were  obtained  via  both  the  noncentral  /-distribution  tables  and  the 
incomplete  p function  tables.  For  a given  QL  (i.e.  AQL),  n,  and  a,  Q-value 
was  obtained  through  the  noncentral  /-distribution,  and  then  was  employed 
at  the  incomplete  p function  tables--which  provides  the  maximum  allowable 
estimated  percent  defective  given  Q-value~to  obtain  M-value  for  the  given 
Q-value.  To  illustrate,  for  n = 5,  AQL  = 5%  and  a = 0.05,  entering  the 
noncentral  /-distribution  tables  we  find  Q = 0.82.  Entering  the  incomplete  p 
function  tables  with  n = 5 and  Q = 0.82  we  find  M = .21875.  If  we  carried 
it  to  two  decimal  places  we  got  M = 22%  which  was  written  in  the 
designated  place  in  the  table.  Since  a is  fixed  at  0.05  for  the  whole  table. 
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the  above  procedures  can  be  repeated  for  every  combination  of  AQL  and 
sample  size  found  in  the  table. 

Determination  of  M using  a Computer  Program 

In  view  of  the  way  values  of  Q were  obtained  manually  using  the 
noncentral  /-distribution  tables,  it  was  obvious  that  those  values  were  not 
very  accurate  because  many  Q-values  were  obtained  through  interpolation 
since  the  AQL  values  found  in  the  noncentral  /-distribution  tables  were  in 
large  incremental  steps  (i.e.,  .001,  .005,  .01,  .025,  .05,  .075,  .10,  .15,  .20,  .25, 
.30,  and  .50)  whereas  in  the  pay  factor  table,  the  quality  level  (in  terms  of 
percent  defective)  values  were  given  in  increments  of  one.  Consequently, 
this  could  cause  the  contract  price  to  be  adjusted  considerably.  Therefore,  it 
is  far  more  practical  to  use  a computer  program  to  avoid  any  potential 
problems  of  interpolation.  The  author  obtained  access  to  a computer 
program  called  "NONCENTT"  through  Mr.  Jerry  Budwig,  Central  Division 
Engineer  for  FHWA,  who  provided  a tremendous  effort  and  assistance 
during  the  development  of  these  tables.  This  program  was  develop>ed  by 
Ricardo  T.  Barros  at  New  Jersey  Department  of  Transportation.  One 
feature  of  this  program  is  that  it  can  produce  very  accurate  values  of  M for 
given  values  of  AQL,  a,  and  n.  Therefore,  this  program  was  run  to  produce 
accurate  figures  of  M and  then  were  compared  to  those  figures  obtained 
manually  through  the  tables.  A sample  of  this  program’s  printout  is  shown 


105 

below  forn  = 7,  a = 0.05,  and  AQL  = 21%.  Either  of  the  following 
criteria  may  be  used. 

Maximum  Allowable 

Acceptability  Percent  Defective 

Ganstant  in  a Sample 

K = 0.186  M = 43.06 

AQL  = 21.000  PRISK  = 0.05  SAMP  = 7 

By  obtaining  the  values  of  M for  every  combination  of  AQL  and  n,  the  pay 
factor  tables  were  completely  constructed  and  their  final  form  is  shown  in 
Table  4-2,  which  is  designated  for  the  major  characteristics  and  Table  4-3  for 
minor  characteristics. 

Modified  Grand  Lot  Scheme 

The  acceptance  plan  presented  earlier  can  be  applied  to  individual 

lots,  however,  when  the  lots  flow  in  a stream  way  (as  the  highway 

construction  situations)  special  procedures  can  be  developed  and  added  to 

enhance  the  effectiveness  of  the  acceptance  plan  conceiving  the  fact  that  a 

/ 

large  sample  size  would  reduce  the  buyer’s  risk  significantly.  The  concept  of 
the  grand  lot  presented  by  Simon  (1944)  and  Schilling  (1979),  can  be 
modified  and  applied  with  the  acceptance  plan  to  provide  a high  quality 
product  with  less  buyer’s  risk  without  any  economical  impact.  , 


TABLE  4-2.  PAY  FACTORS  OF  A GIVEN  PERCENT  DEFECTIVE,  FOR  MAJOR  CHARACTERISTICS 
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Maximum  Allowable  Estimated  Percent  Defective  to  Obtain  a Given  Pay  Factor 
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TABLE  4-3.  PAY  FACTORS  OF  A GIVEN  PERCENT  DEFECTIVE,  FOR  MINOR  CHARACTERISTICS 
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Maxiinum  Allowable  Estimated  Percent  Defective  to  Obtain  a Given  Pay  Factor 
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The  idea  is  to  add  up  a sequence  of  homogenous  lots  with  a given 
sample  size  to  allow  aggregation  into  a single  large  lot  to  achieve  an  increase 
of  n without  any  increase  in  sampling  process  cost. 

The  proposed  procedure  is  to  let  the  grand  lot  accumulate  the  stream 
of  the  homogenous  lots  while  they  are  exhibiting  a certain  level  of  quality. 
The  key  word  is  "homogenous,"  which  could  be  defined  by  the  quality  level 
of  the  insp>ected  lots  in  terms  AQL.  The  suggested  level  for  the 
homogeneity  is  a minimum  of  15%  for  an  AQL  that  has  to  be  maintained 
for  consecutive  lots  to  be  allowed  to  aggregate  as  a grand  lot.  In  other 
words,  the  grand  lot  will  be  allowed  to  agglomerate  until  one  of  two  things 
happens:  (1)  When  the  lot  is  exhausted  (i.e.,  reached  the  maximum  size 
stipulated  by  the  specifications),  or  (2)  when  the  current  accumulative  pay 
factor  of  the  lot  falls  below  0.90  (which  corresponds  to  AQL  of  15%).  If 
any  one  of  the  above  cases  occurred,  the  grand  lot  will  be  terminated,  and 
the  material  being  evaluated  will  be  accepted  provided  the  pay  factor  is  at 
least  0.75.  If  the  lot  is  terminated  because  of  the  low  pay  factor,  the 
contractor  will  be  required  to  take  remedial  measures  to  improve  the  quality 
of  the  production.  At  that  time  a new  grand  lot  can  be  started.  Moreover, 
special  contract  language  should  be  developed  for  the  new  projects  and  it 
should  specify  the  lot  size  in  terms  of  qualtiy  (certain  number  of  tons  or 
certain  segment  of  the  road)  or  in  terms  of  time  (e.g.,  a daily  production) 
and  should  state  when  the  grand  lot  is  "exhausted"  in  terms  of  number  of 
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lots  or  sample  size.  A diagrammatic  representation  of  the  application  of  the 
modified  grand  lot  is  presented  in  Figure  4.11. 

To  illustrate  consider  this  example.  Suppose  that  the  specifications 
state  that  a sample  size  of  5 is  required  to  be  taken  randomly  from  every  lot 
submitted  for  acceptance.  And  the  concept  of  grand  lot  is  utilized  in  the 
acceptance  procedures  in  which  a series  of  6 lots  were  found  to  be 
sufficiently  homogeneous  (i.e.,  their  accumulative  pay  factor  is  greater  than 
0.90).  Therefore,  a grand  lot  will  consist  of  those  6 lots.  As  a result  the 
sample  size  for  this  grand  lot  will  be  30,  consequently  the  buyer’s  risk  will  be 
reduced  from  0.32  for  n = 5 to  .0015,  when  n is  increased  to  30  this  is  a 
substantial  reduction  in  P with  no  economical  impact  on  the  sampling 

process.  The  advantages  of  utilizing  the  modified  grand  lot  scheme  are  as 
follows: 

• Provides  a substantial  reduction  in  the  buyer’s  risk  as  illustrated  in 
the  above  example,  with  no  additional  cost. 

• Assures  a higher  quality  level  (AOL  <.  15%)  and  provides  more 
homogeneity  for  the  material  decreasing  its  variability. 

• It  is  an  additional  tool  to  achieve  production  quality  control  by 
early  detection  of  the  trouble  before  it  becomes  a major  problem 
and  giving  the  contractor  the  opportunity  to  take  corrective 
actions  when  the  lot  is  terminated. 

• Provides  a substantial  savings  by  reducing  the  penalties  and 


rework  cost. 


CPF  ^ 0.90 — HK  = K+1 
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Figure  4.11.  Diagrammatic  representation  of  the  application  of  Grand  lot. 
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Application  of  the  Plan 

The  developed  acceptance  plan  presented  in  the  preceding  sections 
was  intended  to  be  applied  in  the  highway  construction  field  by  the  highway 
agencies  who  are  aiming  to  improve  the  quality  and  the  performance  of  their 
products  and  planning  to  implement  the  CQMS  since  the  statistical 
acceptance  plan  is  the  first  step  of  implementing  the  CQMS.  The  plan  can 
be  applied  either  (1)  manually,  by  computing  the  quality  indexes  using  the 
equations  presented  in  Chapter  2 and  then  entering  Table  4,1  to  estimate 
the  percent  defective  which  used  in  computing  the  pay  factor  from  Tables 
4.2  and  4.3,  or  (2)  using  a computer  program  in  which  the  equations  and  the 
developed  tables  were  incorporated.  To  illustrate  the  manual  application  of 
the  acceptance  plan  consider  the  following  example. 

Example 

A highway  agency  is  constructing  a new  highway,  and  the  construction 
process  is  in  its  final  stages.  The  contractor  started  laying  down  the 
bituminous  wearing  course,  and  after  completing  a day  of  production  (i.e,,  a 
lot)  he  asked  the  highway  agency’s  representative  to  make  an  acceptance 
inspection.  In  order  to  determine  the  lot  final  pay  factor  the  representative 
collected  seven  random  samples  from  the  pavement  and  measured  the 
height  of  the  samples  to  check  the  thickness  of  the  pavement,  then  he  ran 
the  specific  gravity  test  to  get  the  pavement  density,  and  the  extraction  test 
to  get  the  asphalt  content  and  to  conduct  the  gradation  analysis.  The 
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statistical  parameters  were  computed  and  presented  with  the  test  results  in 
Table  4.4. 

By  using  equations  (1)  and  (2),  Qu  and  Ql  were  calculated,  then 
entering  Table  4.1,  with  Qu,  Ql  and  n = 7,/?„  and  pi  were  obtained  and  the 
quality  level  in  percent  defective  (i.e.,  p)  for  each  characteristic  was 
determined  by  adding  up  these  two  quantities  (i.e.,  p = p„  + Pi)-  Entering 
Table  4.2  with  the  quality  level  and  the  sample  size,  the  individual  pay  factor 
was  obtained  for  each  characteristic.  A summary  of  these  computations  is 
presented  in  Table  4.5. 

Since  the  final  pay  factor  is  the  lowest  pay  factor  among  the  quality 
characteristics,  the  lot  would  be  accepted  and  its  final  pay  factor  was  0.91. 

The  other  alternative  of  applying  the  acceptance  plan  is  using  a 
computer  program  called  "SAUDI  PF'  (see  below). 

SAUDI  PF  Program 

SAUDI  PF,  an  acronym  for  Saudi  Pay  Factor,  is  a program  was 
written  for  the  MOC  by  the  FHWA  as  part  of  an  agreement  between  the 
two  agencies  to  assist  the  MOC  in  developing  a comprehensive  quality 
assurance  system.  After  the  acceptance  plan  tables  were  incorporated  into 
the  program,  it-as  mentioned  in  its  User  Manual  (MOC,  1991)-allows  the 
user  to: 

1.  Determine  the  estimated  percentages  of  material  failing  to  meet 
sp>ecifications  based  on  random  tests. 


TABLE  4-4.  TEST  RESULTS  AND  STATISTICAL  PARAMETERS 
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TABLE  4-5.  SUMMARY  OF  THE  COMPUTATION  OF  PAY  FACTORS 
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2.  To  establish  an  appropriate  pay  factor  for  materials. 

3.  To  analyze  test  results  from  different  laboratories  to  determine  if 
the  results  could  reasonably  be  expected  to  represent  the  same 
material. 

4.  To  perform  an  analysis  of  test  results  (i.e.,  hi^orical  data)  to 
establish  reasonable  specification  limits. 

This  program  provides  accuracy  and  saves  substantial  time  which 
would  be  spent  in  manual  calculations  and  could  cause  a significant  contract 
price  adjustment  due  to  potential  mistakes  the  engineer  might  possibly 
commit.  The  acceptance  plan  presented  in  this  chapter  has  been 
incorporated  to  this  program,  so  the  quality  indexes  (Q-values)  and  the  pay 
factor  can  be  calculated  by  this  program  once  the  sample  data  are  input. 

A Potential  Problem  with  Application  of  the  Plan 

During  the  application  of  the  plan,  it  is  possible  that  a lot  may  be 
rejected  even  though  all  the  test  results  fall  within  the  specified  tolerance 
limits.  Although,  such  cassis  rare,  it  is  theoretically  correct  since  the 
estimated  percent  defective  of  the  population  is  a result  of  the  combination 

between  the  sample  average  and  the  standard  deviation.  As  a consequence, 

■ . 4 

this  combination  may  result  in  unacceptably  large  percent  defective  although  **  ^ 

none  of  the  individual  observations  falls  outside  the  allowable  tolerances. 

This  same  result  may  be  caused  by  a sampling  or  testing  error  such  as 

equipment  malfunction  or  operator  error.  It  is  expected  that  such  a result 
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will  be  challenged  by  a producer  who  is  unaware  of  the  theoretical  principles 
underlying  the  acceptance  plan.  Therefore,  it  is  recommended  for  the 
testing  agency  to  investigate  any  lot  rejected  in  this  manner  and  verify  the 
sampling  and  testing  process  (Weed,  1985). 


CHAPTER  5 

THE  ACCEPTANCE  TOLERANCES 


Introduction 

A review  of  the  MOC  General  Specifications  (1972)  revealed  that  the 
allowable  tolerances  on  some  of  material  and  construction  items  currently  in 
use  are  arbitrary  and  unrealistic.  Transport  Team  Report  (1989)  pointed 
out  that  the  following  parameters  were  found  to  have  tolerances  which  were 
too  restrictive. 

• Aggregate  gradation  of  bituminous  wearing  and  base  courses. 

• Density  content  of  bituminous  wearing  and  base  courses. 

• Asphalt  content  of  bituminous  wearing  and  base  courses. 

• Compaction  of  subgrade.  The  aggregate  base  gradation 
tolerances  were  found  to  be  too  permissive. 

While  these  tolerances  may  be  acceptable  for  use  with  current  construction 
practice,  they,  nevertheless,  cannot  be  used  with  the  statistical  testing 
procedures  because  they  lack  legitimacy  and  seem  to  be  inconsistent  with 
the  real  pattern  of  variability  encountered  in  the  actual  MOC  construction 
process.  It  would  be  unreasonable  to  use  the  total  magnitude  of  variability 
obtained  in  one  area  to  establish  and  enforce  the  outcomes  in  some  other 
area  (Adam  and  Shah,  1966).  Specifically,  they  reduce  the  estimated 
percent  defective  which  could  affect  the  acceptance  decision.  Hence,  the 
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sampling  results  may  be  misinterpreted  which  often  results  in  accepting 
rejectable  work  or  unwarranted  rejection  of  some  work. 

To  establish  a realistic  basis  of  these  tolerances,  the  production 
variation  needs  to  be  explored  and  estimated.  Therefore,  a range  of  the 
variation  can  be  established  as  the  actual  production  tolerances  within  which 
all  but  a given  percentage  of  the  measurements  (i.e.,  M)  will  fall. 

One  objective  of  this  study  is  to  set  realistic  and  reasonable  JMF 

~ I * " Ill  «■  -I  • 

tolerances  based  on  process  capabilities  so  that  the  average  of  the  sampling 
distribution  can  be  approximately  coincident  with  the  target  value  sqjt 
allows  only  the  real  defective  portion  of  the  measured  item  to  eyri^pd  the 
denned  limits.  In  order  to  insure  the  quality  of  the  end  product,  the 
tentative  new  limits  should  not  be  made  very  wide  because  that  will  lower 
the  quality  standards.  Neither  should  they  be  made  more  restrictive  than 
necessary  so  they  will  result  in  rejecting  good  quality  work  or  they  could  not 
be  enforced. 

Single  and  Double  Limits 

To  insure  quality,  it  is  necessary  to  set  up  lower  or  upper  limits,  or 
both  lower  and  upper  limits  on  the  measured  characteristics  which  are 
believed  to  affect  the  performance  of  the  product.  Specification  limits  could 
be  either  single  or  double.  Single  specification  limit  infers  one  confined 
value  on  the  acceptance  criteria,  either  upper  or  lower  limits.  Therefore, 
the  acceptance  procedure  will  employ  only  one  Q value  (either  Qy  or  Ol)  in 
the  estimation  of  the  percentage  of  work  outside  specification  limits.  The 
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compaction  characteristic  (for  all  different  construction  items)  is  an  example 
of  a single  specification  limit  in  which  only  a lower  limit  (i.e.,  L)  is  implied. 
On  the  other  hand,  double  specification  limits  imply  both  upper  and  lower 
boundary  values  for  the  acceptance  purposes  (Schilling,  1982).  Therefore, 
both  Qu  and  Ql  are  computed  to  estimate  the  percent  defective  work.  Most 
of  the  highway  material  characteristics  are  of  this  type.  For  example,  all 
gradation  sieves  and  the  asphalt  content  have  double  specification  limits. 

Historical  Data 

Boundaries  on  production  variation  can  be  defined  at  a desired  level 
of  confidence  for  each  material  characteristic,  so  when  variation  of  the 
measured  characteristic  exceeds  this  established  tolerance,  it  will  be  viewed 
as  a change  in  the  product  which  is  considered  defective  work.  A more 
practical  approach  for  deriving  realistic  specification  tolerances  is  by  means 
of  expierimental  approach  to  determine  the  existing  variation  through  a 
statistical  analysis  of  test  results  of  existing  good  highway  construction 
projects,  which  ensure  a minimum  quality  level  equal  to  that  of  the  selected 
projects  (HRB,  1965;  Hughes,  1965). 

The  historical  data,  if  accessible,  will  allow  the  identity  of  the 
variation  and  the  industry  average  capabilities  by^athering  a large  number 
olMmples  from  a variety  of  projects.  In  this  dissertation,  the  tolerances  of 
the^elected^ality  characteristics  will  be  derived  based  on  the  magnitude  of 
the  variability  that  is  estimated  using  the  historical  data  of  the  existing  good 
pavements.  The  new  limits  would  eliminate  the  misinterpretations  of  testing 
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results.  Consequently,  the  quality  of  the  final  project  would  be  enhanced 
which  will  be  reflected  its  performance  and  service  life. 

Data  Collection 

The  data  were  gathered  from  Saudi  Arabia,  starting  in  January  1991, 
and  completed  in  July  1991. 

It  was  essential,  before  proceeding  with  gathering  the  data,  to 
determine  the  materials  items  (e.g.,  BWC,  BBC)  for  which  the  JMF 
tolerances  will  be  established.  Further,  the  materials  characteristics  of  these 
items  (e.g.,  gradation  sieves)  should  also  be  identified  based  upon  the  needs 
and  priorities  of  MOC.  Therefore,  the  materials  items  for  which  the 
specification  limits  will  be  established,  were  selected  after  extended 
consultation  with  Dr.  Mohammed  Al-Dhala’an,  the  General  Director  of  the 
Department  of  Materials  and  Researches  in  MOC,  in  January  1991.  He 

indicated  a great  need  to  set  sjjecification  limits  for  the  following  materials 
items: 

1.  The  characteristics  of  BWC  (Class  A,  B,  and  C)  which  include; 
gradation  sieves  (i.e.,  sizes  3/4  in.  1/2  in.,  #4,  #10,  #40,  #80, 
and  #200),  asphalt  content  (AC%),  density,  and  thickness. 

2.  The  characteristics  of  BBC  (Class  A and  B)  which  include; 
gradation  sieves  (i.e.,  sizes  3/4  in.,  3/8  in.,  #4,  #10,  #40,  and 
#200),  AC%,  density,  and  thickness. 

3.  The  characteristics  of  Aggregate  Base  Course  (AGGBC), 

Class  A,  which  includes;  gradation  sieves  (i.e.,  sizes  2 in,  1 1/2 
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in,  1 in,  3/4  in.,  1/2  in.,  #4,  #10,  #40,  and  #200)  and 
compaction. 

4.  Granular  Subbase  (Qass  B),  and  its  characteristics  include; 
gradation  sieves  (i.e.,  sizes  2 in.,  1 1/2  in.,  1 in.,  3/4  in.,  3/8  in., 
#4,  #10,  #40,  and  #200)  and  compaction. 

5.  The  compaction  of  Subgrade. 

6.  The  compaction  of  Embankment. 

The  Selection  of  the  Projects 

A wide  variety  of  highway  projects  was  considered  in  this  study. 

They  were  selected  based  on  the  following  criteria: 

1.  The  projects  should  be  major  highway  completed  in  the  past 
few  years. 

2.  The  projects  should  be  selected  randomly  from  different 
geographical  parts  of  the  Kingdom  of  Saudi  Arabia  to 
represent  the  entire  country. 

3.  The  overall  quality  of  the  selected  projects  should  be  adequate 
in  respect  to  their  performance.  This  was  determined  through 
a combination  of  researching  the  project’s  history  files, 
discussion  with  concerned  MOC  personnel  (i.e.,  maintenance 
and  materials  engineers),  contact  with  contractor  and/or  the 
consulting  firm  who  was  hired  to  supervise  the  project 
construction,  and  through  personal  observations  made  by  field 
trips  to  a few  of  the  selected  projects. 
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Sources  of  Data 

One  of  the  objectives  of  this  study  was  to  gather  adequate 
information  on  the  production  process  variability  for  the  highway 
construction  industry  in  Saudi  Arabia  to  allow  for  the  development  of  JMF 
tolerances  for  highway  materials  characteristics  to  be  used  in  conjunction 
with  the  acceptance  plan  developed  earlier. 

Five  sources  of  data  were  used  and  they  are 

1.  Handing  over  reports; 

2.  Monthly  construction  reports; 

3.  Investigation  reports; 

4.  Mix  design  reports; 

5.  Field  trips. 

Handing  Over  Reports 

When  construction  work  is  completed  for  a MOC’s  project,  a 
handing  over  committee  is  formed  from  representatives  of  all  the  involved 
parties  in  the  project.  The  committee  decides  on  the  number  of  test 
locations  and  the  types  of  test  to  be  conducted  to  get  a good  inference  about 
the  quality  of  the  work.  The  location  of  the  test  sample  is  chosen  at 
random.  According  to  MOC  (1985),  Hatiding  Over  of  Projects  Manual,  the 
team  is  required  to  gather  samples  from  four  types  of  test  pits  or  core  holes 
as  follows: 

1.  Small  core  holes,  with  a minimum  diameter  of  10  cm  and  a 
depth  of  that  of  the  bituminous  layers.  These  cores  are 
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obtained  to  check  the  thickness  and  the  density  of  the 
bituminous  layers  by  determining  the  bulk  specific  gravity  of 
different  mixes. 

2.  Medium  test  pits  with  a minimum  size  of  1/2  by  1/2  meter 

which  made  it  possible  to  obtain  samples  to  test  the  following 
items: 

BWC  mix; 

• BBC  mix; 

• Aggregate  base  course,  if  any; 

• Granular  subbase,  if  any; 

• Subgrade. 

3.  Big  test  pits  which  should  be  a minimum  of  one  meter  by  one 
meter  depending  on  easy  access  to  the  depth  of  last  layer  to 
be  tested.  These  pits  are  used  to  analyze  same  items 
mentioned  above  in  addition  to  any  accessible  layers  of 
embankment. 

4.  Test  pits  for  testing  shoulders.  It  should  be  taken  from 
shoulder  area  opposite  to  the  location  of  a pavement  test  pit. 
If  the  shoulders  are  covered  by  bituminous  wearing  course, 
then  the  size  of  the  test  pit  should  be  a minimum  of  1/2  by  1/2 
meter. 

In  case  of  the  dual  carriageway  highways,  each  carriageway  is  treated 
as  a separate  road  so  samples  are  taken  from  both  sides  of  the  highway. 
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When  all  samples  are  collected,  the  pavement  surface  is  checked  for 
any  apparent  defects  such  as  bleeding,  raveling,  or  rutting.  Furthermore,  the 
riding  quality  of  the  road  is  observed  on  both  carriageways. 

The  compaction  test  of  the  soil  layers  is  carried  out  on  the  site  using, 
in  most  cases,  the  field  density  test  in  accordance  with  MOC  Highway 
Materials  Manual.  A soil  sample  is  collected  from  the  test  hole  so  that  other 
tests  required  by  the  specifications,  such  as  modified  proctor,  sieve  analysis 
or  CBR  can  be  performed.  More  field  samples—obtained  from  medium  and 
big  test  pits— such  as  asphalt  blocks,  soil,  and  aggregate  samples  in  addition 
to  the  asphalt  layer  cores  are  brought  to  the  laboratory  to  conduct  the  tests 
required  by  the  specifications.  For  example,  the  block  of  asphalt  pavement 
is  cut  and  each  layer  is  separated  for  testing  the  mix  of  each  layer.  The 
testing  includes  asphalt  content,  gradation,  and  maximum  specific  gravity. 

All  the  tests  are  carried  out  in  accordance  with  methods  described  in  MOC 
Highway  Materials  Manual,  volumes  1,  2,  and  3,  which  were  adapted  from 
ASTM  and  AASHTO  testing  guides  (MOC,  1985). 

After  the  completion  of  all  field  and  laboratory  tests,  the  results  are 
tabulated  in  special  forms  provided  by  MOC  and  then  signed  by  all 
committee  members.  Furthermore,  a final  report  is  prepared  by  the 
committee  including  their  findings,  recommendations,  rework  (if  any),  or  any 
applied  penalties.  Thus,  the  handing  over  report  consists  of  both  the 
tabulated  testing  results  and  the  final  report.  It  is  believed-among  the 

MOC  personnel— that  those  reports  are  the  most  reliable  source  of 

y 

information  regarding  the  quality  of  the  product.  Therefore,  they  were  the 
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primary  source  of  data  to  establish  the  database  for  developing  JMF 
tolerances.  / 

Most  of  these  reports  were  available  in  the  Materials  and  Research 
Department  archives.  At  the  time  when  the  data  collection  started,  the 
archives  had  been  moving  to  another  building,  therefore,  hundreds  of  files 
had  been  piled  on  the  new  location  ground,  and  it  was  very  difficult  to  locate 
a specific  project  file.  The  first  step  was  to  make  these  files  accessible  by 
classifying  and  arranging  them  on  the  shelves.  Finally,  a list  was  prepared 
for  all  the  existing  files.  This  preliminary  task  took  about  three  months  and 
was  accomplished  with  the  help  of  two  of  the  Materials  and  Research 
Department  staff. 

The  Monthly  Construction  Reports 

Because  of  the  magnitude  of  the  highway  construction  program  in 
Saudi  Arabia,  the  MOC  relies  heavily  on  engineering  consultant  services  for 
design  and  construction  supervision.  The  construction  quality  control 
process  was  the  responsibility  of  the  contractor  with  supervision  of  the 
consultant  staff.  The  quality  control  program  consists  of  all  necessary  tests 
on  materials  made  by  the  contractor’s  staff  and  supervised  by  the  consultant. 
The  consultant  supervises  the  testing  process,  inspects  and  conditionally 
accepts  the  completed  work.  However,  the  overall  supervision  of 
construction  is  the  responsibility  of  the  contractor.  All  the  tests  are 
conducted  by  the  contractor  and  supervised  by  the  consultant  (failed  tests 
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are  sometimes  repeated).  So  there  is  no  direct  MOC  impact  on  this  quality 
control  program. 

The  monthly  construction  reports  contain  copies  of  all  work  sheets 
for  each  of  the  various  tests  performed  during  the  month.  The  reports  also 
include  a summary  sheet  for  each  item  tested  showing  the  final  test  result 
for  each  construction  or  material  characteristic,  the  specification  limits,  and  a 
remark  indicating  whether  the  tested  characteristic  met  the  specification 
requirements  (Transportation  Team  Report,  1989). 

These  reports  are  prepared  by  the  consultant  and  sent  to  MOC  on  a 

monthly  basis  for  review  and  payment  is  based  on  the  quantities  accepted  by 

the  consultant.  It  is  believed  among  the  MOC  personnel  that  these  reports 

are  unreliable.  Furthermore,  the  tests  in  these  reports  are  often  based  on 

representative  samples,  and  they  include  repeated  test  results.  Therefore, 

these  reports  will  not  be  relied  on  as  a source  of  data  for  establishing  the 

JMF  tolerances.  However,  it  was  of  interest  to  compare  the  production 

variations  obtained  from  handing  over  reports  with  those  of  monthly 

construction  reports.  Therefore,  a separate  database  was  created  to  contain 

« 

data  obtained  from  such  reports. 

Investigation  Reports 

Occasionally,  the  MOC  personnel  visit  the  projects  under 
construction,  and  make  inspections  of  construction  work  and  testing  facilities. 
Usually,  these  visits  are  made  by  a committee  of  MOC  engineers  in  response 
to  problems,  that  have  been  raised.  During  the  visit  a fairly  comprehensive 
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test  is  msde  on  materials  (similar  to  the  handing  over  inspection  but  on  a 
smaller  scale).  The  test  results  along  with  recommendations  are  presented 
in  the  investigation  report  which  is  submitted  to  MOC  authorities  to  take  the 
proper  action.  These  reports  are  reliable  from  the  standpoint  of  MOC 
personnel  since  they  are  prepared  by  their  staff. 

The  Mix  Design  Reports 

Before  the  contractor  can  proceed  with  asphalt  work,  he  must 
prepare  a job  mix  design  for  every  category  of  asphalt  courses.  The  design 
is  then  reviewed  by  the  MOC  materials  staff  for  approval.  If  the  mix  design 
is  rejected,  the  contractor  redesigns  the  mix  until  he  gets  MOC  approval. 
These  reports  consist  of  target  values  for  various  material  characteristics  and 
their  suggested  tolerances,  in  addition  to  the  mix  quality  characteristics,  such 
as  air  voids,  stability,  and  optimum  asphalt  content.  The  researcher 
reviewed  some  of  those  reports  to  obtain  target  values  and  tolerances  if 
there  were  not  reported  in  handing  over  reports.  These  reports  were  also 
beneficial  for  the  performance  assessment  of  poor  performance  pavements. 

Field  Trips 

Although  interviews  with  MOC  personnel  and  exp>erts  brought  to 
light  valuable  information  about  the  current  condition  of  the  selected 
projects,  field  trips  were  essential.  In  a few  cases,  it  was  necessary  to  check 
for  any  apparent  deficiencies  such  as  bleeding,  raveling,  cracking,  or  rutting 
on  the  road  surface.  When  a major  defect  was  observed,  its  extent  was 
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estimated  and  if  it  was  high,  the  project  data  was  omitted  from  the  main 
database. 

Furthermore,  the  researcher  accompanied  MOC  personnel  on  a 
periodic  site  review  of  the  Riyadh-Taif  expressway,  which  were  chosen  for 
the  trial  implementation  of  statistical  quality  control.  Ongoing  work  at  the 
time  of  the  visits  included  subgrade,  embankment,  and  aggregate  bases.  As 
part  of  the  field  review,  random  nuclear  density  measurements  were  taken 
for  the  subgrade  and  embankment.  The  test  results  obtained  were  added  to 
the  major  database. 

Results  and  Discussion 

As  mentioned  earlier,  this  study  was  conducted  to  establish  JMF 
tolerances  for  selected  materials  characteristics,  using  primarily  handing  over 
data.  Further,  another  set  was  to  be  developed  for  asphaltic  items  using 
monthly  construction  data  for  comparison  purposes.  A total  of  65  highway 
projects  were  considered.  A list  of  these  projects  is  given  in  Appendix  A. 

Of  these,  28  projects  were  chosen  from  the  central  province,  15  from  the 
western  province,  7 from  the  eastern  province,  and  7 from  the  southern 
province.  A map  of  Saudi  Arabia  showing  these  roads  is  Appendix  B.  Due 
to  their  history  of  poor  performance,  16  projects  were  omitted  from  the 
main  database  and  entered  into  a secondary  database  which  was  established 

to  be  used  in  a performance  evaluation  study  (discussed  later  in  this 
chapter). 
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JMF  Tolerances 

/ Specification  requirements  for  the  pavement  materials  are  usually 
written  in  terms  of  tolerance  intervals  which  are  specified  as  plus  and/or 
minus  a number  of  standard  deviations  from  the  target  value  selected  in  the 
mix-design  procedures.  These  tolerance  intervals  are  developed  from 
experimental  data  so  as  to  enclose  at  least  a specified  proportion  of  the 
population  with  the  selected  confidence  level.  Therefore,  when  tolerance 
intervals  are  constructed  with  given  a and  AQL  for  many  samples,  then 
(1  -a)%  of  cases  they  will  enclose  at  least  100  (1  -AQL)%  of  the  population. 
Since  a = 0.05,  we  have  a level  of  confidence  of  95%  which  means  that  95% 
of  the  intervals  obtained  from  sampling  the  population  will  include  the 
actual  parameter  being  estimated  (i.e.,  (i).  And,  with  AQL  = 5%  defective, 
it  is  expected  that  95%  of  the  data  would  be  within  a distance  of  1.96  a on 
either  side  of  the  target  value.  In  other  words,  there  is  a 95%  chance  that 
any  test  result  will  fall  within  TV  ± 1.96  o.  Graham  (1967)  stated  "It  is 
believed  that  95%  [confidence]  is  a reasonable  requirement"  (p  11),  which 
provides  realistic  acceptance  limits. 

^ ^ &he  JMF  tolerance  intervals  are  developed  using  historical  data  to 
show  where  most  of  the  population  can  be  expected  to  lie.  They  are,  then 

different  from  specification  limits  which  show  where  all  acceptable  limits 

/ 

must  he  (Crow,  Davis  and  Maxfield,  1960).  Although  the  statistical  analysis 
showed  a difference  between  the  actual  mean  and  the  TV,  this  difference 
was  not  taken  into  consideration  when  the  tolerances  were  established. 
Because  by  doing  so,  it  means  that  the  current  job  control  implemented  by 
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the  contractors  is  considered  as  an  acceptable  practice.  Consequently,  the 
new  tolerances  will  be  wider.  This  is  not  recommended  since  the  quality 
standards  are  being  established  to  improve  the  quality  of  the  product. 
Therefore,  all  contractors  are  required  to  improve  their  quality  control 
systems  to  level  up  with  the  new  standards. 

The  tolerances  were  established  for  double  specification  limits  by 
multiplying  the  pooled  standard  deviation  of  each  characteristic  by  1.96  and 
rounding  off  to  the  nearest  percent.  The  exception  is  AC  where  the 
standard  deviation  was  multiplied  by  1.9^  and  the  result  reported  as 
computed.  Further,  for  percent  passing  3/4  inch  sieve,  for  all  classes  of 
bituminous  wearing  course,  and  1/2  inch  sieve  for  class  C,  the  standard 
deviation  was  very  low  because  small  amounts  of  aggregate  were  retained  on 
that  sieve.  Therefore,  the  tolerance  on  the  3/4  inch  sieve  (only  in  BWC)  was 
set  equal  to  that  of  1/2  inch  sieve  (3/8  inch  in  case  of  Class  C)  for  practical 
reasons.  On  the  other  hand,  tolerances  for  thickness  and  density  were 
established  by  multiplying  their  pooled  standard  deviations  by  1.64  because 
they  were  single  limit  characteristics. 

Tolerances  using  Handing  Over  Data  fH.O.  Datal 

Bituminous  wearing  course  fBWO 

BWC  Class-A.— Twenty-six  different  projects,  from  which  512 
samples  were  obtained,  were  used  to  develop  realistic  JMF  tolerances  for 
bituminous  wearing  course—Class  A.  These  samples  were  analyzed  in 
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accordance  with  the  "SAUDI  PP'  program  in  order  to  determine  the 
magnitude  of  the  variability  in  terms  of  pooled  standard  deviation  for  each 
quality  characteristic.  On  the  basis  of  these  statistical  findings  tentative 
performance  based  acceptance  limits  were  set  up  for  a BWC-A  mixture. 
The  acceptance  limits  and  the  analysis  results  are  presented  in  Table  5-1. 
Further,  the  results  are  presented  graphically  as  histograms  for  each 
characteristic.  These  are  shown  in  Figures  5.1  through  5.10. 

BWC  Class-B.— A total  of  332  samples  were  obtained  from  15 
different  projects.  Statistical  analyses  were  conducted  on  these  samples  to 
determine  the  variability  of  each  characteristic.  The  analysis  results  and  the 
tentative  acceptance  limits  are  indicated  in  Table  5.2.  The  graphical  results 
are  shown  in  Figures  5.11  through  5.20. 

BWC  Class-C."A  total  of  245  samples  were  gathered  from  10 
different  projects.  The  results  of  the  computer  analysis  and  the  computed 
acceptance  limits  are  tabulated  in  Table  5.3.  The  graphical  results  are 
presented  in  Figures  5.21  through  5.31. 

Bituminous  base  course  fBBO 

BBC  Class-A.— Thirty  projects,  from  which  595  samples  had  been 
gathered,  were  used  as  the  basis  to  establish  JMF  tolerances  for  bituminous 
base  course  Class-A.  The  results  of  the  statistical  analysis  and  the  new 
acceptance  limits  are  presented  in  Table  5.4.  The  results  are  also  shown 
graphically  in  Figures  5.32  through  5.40. 
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Table  5-1.  SUMMARY  OF  THE  ANALYSIS  RESULTS  AND  THE 

TENTATIVE  ACCEPTANCE  LIMITS  FOR  BWC-A  USING 
HANDING  OVER  DATA 


Property 

Number 

of 

Samples 

Mean 

Pooled- 

Standard 

Deviation 

JMF 

Limits 

3/4" 

512 

99.88 

0.57 

± 5 

1/2" 

512 

87.25 

2.95 

± 5 

#4 

512 

53.95 

3.66 

± 7 

#10 

512 

37.27 

2.72 

± 5 

#40 

512 

20.27 

2.17 

± 4 

#80 

512 

12.27 

1.69 

± 3 

#200 

512 

6.68 

1.13 

± 2 

DENSITY  % 

488 

98.48 

1.59 

94%*  min 

% AC-m 

512 

5.16 

0.42 

± 0.82 

THICK 

512 

5.92 

0.83 

-13  mm 

NOTE:  Total  number  of  lots  analyzed  = 32. 


*Of  the  Daily  Marshall  Laboratory  Density. 
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Figure  5.1.  Summary  histogram  for  sieve  3/4"  of  BWC-A. 
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Figure  5.2.  Summary  histogram  for  sieve  1/2"  of  BWC-A. 
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Figure  5.3.  Summary  histogram  for  sieve#4  of  BWC-A. 
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Figure  5.4.  Summary  histogram  for  sieve  #10  of  BWC-A 
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Figure  5.5.  Summary  histogram  for  sieve  #40  of  BWC-A. 
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Figure  5.6.  Summary  histogram  for  sieve  #80  of  BWC-A. 


141 


128  - 


C/> 

LU 


< 

(/) 

u. 

O 

QC 

UJ 

CD 


Mean  Difference  from  T.V.  0.685 
Range  '2.900  to  5.550 

Pooled  Standard  Deviation  1.126 
Number  of  Samples  51 2 


1 .0  3.0 

DIFFERENCE  FROM  TV 


Figure  5.7.  Summary  histogram  for  sieve  #200  of  BWC-A. 


142 


0) 

UJ 


< 

c/> 

u. 

o 

oc 

111 

m 


176 


132  - 


88  - 


44  - 


MWW 


S?!55! 


•.••*.%•.•.%  vIv.svXs 


iPi? 

■®‘syyrl;¥s:y:y‘^“ 


VASV.V>.V.*.V.‘.-.V, 

•:*x>\A-X"X*>x*S>® 


Mean  Difference  from  T.V.  2.473 
Range  -3.000  to  8.000 

Pooled  Standard  Deviation  1 .588 
Number  of  Sampies  488 


.'.'.'.'.'.'.W.'.'.'.'.W.' 


w 


IBJBBBI 


-3.0 


0.0 


3.0 


6.0 


9.0 


12.0 


DIFFERENCE  FROM  TV 


Figure  5.8.  Summary  histogram  for  density  of  BWC-A. 
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Figure  5.9.  Summary  histogram  for  asphalt  content  of  BWC-A. 
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Figure  5.10.  Summary  histogram  for  thickness  of  BWC-A. 
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Table  5-2.  SUMMARY  OF  ANALYSIS  RESULTS  AND  TENTATIVE 

ACCEPTANCE  LIMITS  FOR  BWC-B  USING  HANDING 
OVER  DATA 


Property 

Number 

of 

Samples 

Mean 

Pooled- 

Standard 

Deviation 

JMF 

Limits 

3/4" 

332 

99.91 

0.32 

± 5 

1/2" 

332 

90.59 

2.55 

± 5 

#4 

332 

57.56 

3.46 

± 6 

#10 

332 

41.02 

2.93 

± 5 

#40 

332 

21.40 

2.34 

± 4 

#80 

332 

12.92 

1.90 

± 3 

#200 

332 

6.52 

1.42 

± 2 

DENSITY  % 

325 

99.21 

1.91 

93%  min 

% AC-m 

332 

5.41 

0.48 

± 0.94 

THICK 

197 

5.68 

1.08 

- 17  mm 

NOTE:  Total  number  of  lots  analyzed  = 18. 
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Figure  5.11.  Summary  histogram  for  sieve  3/4"  of  BWC-B. 
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Figure  5.12.  Summary  histogram  for  sieve  1/2"  of  BWC-B. 
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Figure  5.13.  Summary  histogram  for  sieve  #4  of  BWC-B. 
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Figure  5.14.  Summary  histogram  for  seive  #10  of  BWC-B. 
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Figure  5.15.  Summary  histogram  for  sieve  #40  of  BWC-B. 
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Figure  5.16.  Summary  histogram  for  sieve  #80  of  BWC-B. 
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Figure  5.17.  Summary  histogram  for  sieve  #200  of  BWC-B. 
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Figure  5.18.  Summary  histogram  for  density  of  BWC-B. 
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Figure  5.19.  Summary  histogram  for  asphalt  content  of  BWC-B. 


155 


Mean  Difference  from  T.V.  0.557 
Range  -l.OOO  to  8.100 

Pooled  Standard  Deviation  i .083 
Number  of  Samples  197 


3.0  5.0  7.0  9.0 

DIFFERENCE  FROM  TV 


Figure  5.20.  Summary  histogram  for  thickness  of  BWC-B. 
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BWC  Class-C.--A  total  of  245  samples  were  gathered  from  10 
different  projects.  The  results  of  the  computer  analysis  and  the  computed 
acceptance  limits  are  tabulated  in  Table  5.3.  The  graphical  results  are 
presented  in  Figures  5.21  through  5.31. 

Bituminous  base  course  f^BBO 

BBC  Class- A. --Thirty  projects,  from  which  595  samples  had  been 
gathered,  were  used  as  the  basis  to  establish  IMF  tolerances  for  bituminous 
base  course  Class-A.  The  results  of  the  statistical  analysis  and  the  new 
acceptance  limits  are  presented  in  Table  5.4.  The  results  are  also  shown 
graphically  in  Figures  5.32  through  5.40. 

BBC  Class-B."A  total  of  342  samples  were  obtained  from  15 
projects.  The  statistical  analysis  results  and  the  developed  acceptance  limits 
are  shown  in  Table  5.5.  The  graphical  analysis  results  are  shown  in  Figures 
5.41  through  5.50. 

Aggregate  base  course  Class-A 

Seven  different  projects  from  which  96  samples  were  obtained  were 
used  as  the  basis  to  develop  JMF  tolerances  for  AGGBC-A.  These  were  to 
be  used  if  the  MOC  decided  to  rely  on  job-mix  procedures  for  this  item  in 
the  future.  The  analysis  results  and  the  suggested  JMF  tolerances  are 
indicated  in  Table  5.6.  The  graphical  results  are  presented  in  Figures  5.51  - 


5.60. 
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Table  5-3.  SUMMARY  OF  THE  ANALYSIS  RESULTS  AND  THE 

TENTATIVE  ACCEPTANCE  LIMITS  FOR  BWC-C  USING 
HANDING  OVER  DATA 


Property 

Number 

of 

Samples 

Mean 

Pooled- 

Standard 

Deviation 

JMF 

Limits 

1/2" 

245 

98.46 

0.67 

± 1 

3/8" 

245 

92.73 

2.25 

± 4 

#4 

245 

65.35 

4.86 

± 9 

#10 

245 

41.63 

3.28 

± 6 

#40 

245 

21.52 

2.17 

± 4 

#80 

245 

14.84 

1.90 

± 3 

#200 

245 

7.74 

1.34 

± 2 

% COMP 

245 

96.51 

2.17 

92%  min 

% AC-m 

245 

5.36 

0.49 

± 0.96 

THICK 

192 

5.06 

0.77 

- 12  min 

NOTE:  Total  number  of  lots  analyzed  = 10. 
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Figure  5.21.  Summary  histogram  for  sieve  3/4"  of  BWC-C. 
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Summary  histogram  for  seive  1/2"  of  BWC-C. 
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Figure  5.23,  Summary  histogram  for  sieve  3/8"  of  BWC-C 
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Figure  5.25.  Summary  histogram  for  seive  #10  of  BWC-C. 
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Figure  5.26.  Summary  histogram  for  sieve  #40  of  BWC-C. 
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Figure  5.27.  Summary  histogram  for  sieve  #80  of  BWC-C. 
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Figure  5.28.  Summary  histogram  for  sieve  #200  of  BWC-C. 
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Figure  5.29.  Summary  histogram  for  density  of  BWC-C. 
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Figure  5.30. 


Summary  histogram  for  asphalt  content  of  BWC-C. 
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Figure  5.31.  Summary  histogram  for  thickness  of  BWC-C 
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Table  5-4.  SUMMARY  OF  THE  ANALYSIS  RESULTS  AND  THE 

TENTATIVE  ACCEPTANCE  LIMITS  FOR  BBC-A  USING 
HANDING  OVER  DATA 


Property 

Number  of 
Samples 

Mean 

Pooled- 

Standard 

Deviation 

IMF 

Limits 

3/4" 

595 

88.72 

3.30 

± 6 

3/8" 

595 

67.05 

4.66 

± 9 

#4 

595 

51.73 

4.27 

± 8 

#10 

595 

37.29 

3.37 

± 6 

#40 

595 

20.18 

2.34 

± 4 

#200 

595 

6.03 

1.10 

± 2 

%COMP 

524 

99.92 

1.48 

93%  min 

%AC-m 

594 

4.97 

0.53 

± 1.0 

THICK 

584 

13.51 

1.48 

- 24  mm 

NOTE:  Total  number  of  analyzed  lots  = 47. 
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Figure  5.32.  Summary  histogram  for  sieve  3/4"  of  BBC-A 
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Figure  5.33.  Summary  histogram  for  sieve  3/8"  of  BBC-A. 
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Figure  5.34.  Summary  histogram  for  sieve  #4  of  BBC-A. 
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Figure  5.35.  Summary  histogram  for  sieve  #10  of  BBC- A 
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Figure  5.36.  Summary  histogram  for  sieve  #40  of  BBC-A 
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Figure  5.37.  Summary  histogram  for  sieve  #200  of  BBC-A. 
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Figure  5.38.  Summary  histogram  for  density  of  BBC-A. 
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Figure  5.39.  Summary  histogram  for  asphalt  content  of  BBC-A. 
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Figure  5.40.  Summary  histogram  for  thickness  of  BBC-A 


179 


Table  5-5.  SUMMARY  OF  THE  ANALYSIS  RESULTS  AND  THE 

TENTATIVE  ACCEPTANCE  LIMITS  FOR  BBC-B  USING 
HANDING  OVER  DATA 


Property 

Number 

of 

Samples 

Mean 

Pooled- 

Standard 

Deviation 

JMF 

Limits 

1" 

313 

95.69 

2.05 

± 4 

3/4" 

342 

86.53 

3.48 

± 6 

3/8" 

342 

64.90 

4.12 

± 8 

#4 

342 

50.69 

3.86 

± 7 

#10 

342 

36.09 

3.91 

± 7 

#40 

342 

19.43 

2.22 

± 4 

#200 

342 

5.78 

1.33 

± 2 

%COMP 

310 

99.14 

1.59 

93%  min 

%AC-m 

342 

4.72 

0.46 

± 0.9 

THICK 

348 

12.18 

1.79 

- 29  mm 

NOTE:  Total  number  of  lots  analyzed  = 24. 
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Figure  5.41.  Summary  histogram  for  sieve  1"  of  BBC-B. 
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Figure  5.42. 


Summary  histogram  for  sieve  3/4"  of  BBC-B. 
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Figure  5.43.  Summary  histogram  for  sieve  3/8"  of  BBC-B. 
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Figure  5.44.  Summary  histogram  for  sieve  #4  of  BBC-B. 
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Figure  5.45.  Summary  histogram  for  sieve  #10  of  BBC-B. 
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Figure  5.46.  Summary  histogram  for  sieve  #40  of  BBC-B. 
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Figure  5.47.  Summary  histogram  for  sieve  #200  of  BBC-B. 
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Figure  5.48.  Summary  histogram  for  density  of  BBC-B. 


1 1 

10.5 


188 


-1.5  -0.5  0.5  1.5  2.5  3.5 

DIFFERENCE  FROM  T.V. 


Figure  5.49.  Summary  histogram  for  asphalt  content  of  BBC-B. 
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Figure  5.50.  Summary  histogram  for  thickness  of  BBC-B. 
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Table  5-6.  SUMMARY  OF  THE  ANALYSIS  RESULTS  AND  SUGGESTED 

JMF  TOLERANCES  FOR  AGGBC-A 


Property 

Number 

of 

Samples 

Mean 

Pooled- 

Standard 

Deviation 

Current 

Specifi- 

cation 

Limits 

Suggested 

JMF 

Limits 

2" 

96 

96.43 

2.96 

90-100 

± 5 

1 1/2" 

96 

83.53 

5.21 

60-90 

± 10 

1" 

96 

67.38 

5.15 

42-77 

± 10 

3/4" 

96 

58.71 

5.43 

35-70 

± 10 

1/2" 

96 

48.39 

4.98 

25-60 

± 9 

#4 

96 

33.12 

4.36 

15-40 

± 8 

#10 

96 

25.01 

3.83 

10-26 

± 7 

#40 

96 

16.94 

3.23 

5-15 

± 6 

#200 

96 

7.15 

2.19 

2-9 

± 4 

DENSITY  % 

115 

99.92 

3.24 

100%  min 

95%  min 

NOTE:  Total  number  of  lots  analyzed  = 10. 
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RanQe  *6.000  to  5.000 

Pooled  Standard  Deviation  2.962 
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Figure  5.51.  Summary  histogram  for  sieve  2"  of  AGGBC-A. 
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Figure  5.52.  Summary  histogram  for  sieve  1 1/2"  of  AGGBC-A. 
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Figure  5.53.  Summary  histogram  for  sieve  1"  of  AGGBC-A. 
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Figure  5.54.  Summary  histogram  for  sieve  3/4"  of  AGGBC-A. 
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Figure  5.55.  Summary  histogram  for  sieve  1/2"  of  AGGBC-A. 
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Figure  5.56.  Summary  histogram  for  sieve  #4  of  AGGBC-A. 
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Figure  5.57.  Summary  histogram  for  sieve  #10  of  AGGBC-A. 
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Figure  5.58.  Summary  histogram  for  sieve  #40  of  AGGBC-A 
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Figure  5.59.  Summary  histogram  for  sieve  #200  of  AGGBC-A 
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Figure  5.60.  Summary  histogram  for  density  of  AGGBC-A. 
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Subbase  Qass-B 

A total  of  310  samples  were  obtained  from  15  projects.  JMF 
tolerances  for  subbase  Class-B  were  established  to  be  used  if 
job-mix  procedures  for  this  item  are  incorporated  in  MOC’s  specifications. 
The  analysis  results  and  the  suggested  acceptance  limits  are  indicated  in 
Table  5.7.  Moreover,  the  results  are  shown  graphically  in  Figures  5.61 
through  5.70. 

Subgrade 

A total  of  1,045  samples  from  42  projects  were  analyzed  to  determine 
the  magnitude  of  the  variability  for  density  (i.e.,  compaction).  The  analysis 
results  are  presented  in  Table  5.8.  In  the  same  table,  the  value  of  a new 
lower  limit  for  compaction,  developed  on  the  basis  of  statistical  analysis  of 
historical  data,  is  shown.  The  graphical  histogram  of  the  result  is  shown  in 
Figure  5.71. 

Embankment 

A total  of  422  samples  from  37  projects  were  obtained  and  analyzed 
to  determine  the  variability  of  the  embankment  density.  The  results  of  the 
statistical  analysis  are  shown  in  Table  5.9.  In  the  same  table,  the  value  of 
suggested  lower  limit  for  compaction  is  presented.  The  histogram  of  the 
data  is  shown  in  Figure  5.72. 


202 


Table  5-7.  SUMMARY  OF  THE  ANALYSIS  RESULTS  AND 

SUGGESTED  JMF  TOLERANCES  FOR  SUBBASE-B 


Property 

Number 

of 

Samples 

Mean 

Pooled- 

Standard 

Deviation 

Current 

Specifi- 

cation 

Limits 

Suggested 

IMF’s 

Limits 

2" 

276 

99.63 

2.14 

100 

± 4 

1 1/2" 

274 

94.40 

3.69 

70-100 

± 7 

1" 

309 

82.83 

4.62 

55-85 

± 9 

3/4" 

310 

74.34 

5.27 

50-80 

± 10 

3/8" 

275 

56.06 

5.70 

40-70 

± 11 

#4 

310 

46.70 

5.29 

30-60 

± 10 

#10 

310 

36.74 

4.80 

20-50 

± 9 

#40 

276 

24.30 

3.78 

10-30 

± 7 

#200 

310 

11.22 

4.58 

5-15 

± 8 

DENSITY  % 

287 

100.05 

3.18 

100%  min 

95%  min 

NOTE:  Total  number  of  lots  analyzed  = 15. 
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Mean  Difference  from  T.V.  -0.417 
Range  -21 .000  to  0.000 

Pooled  Standard  Deviation  2.143 
Number  of  Samples  276 
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Figure  5.61.  Summary  histogram  for  sieve  2"  of  subbase-B. 
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Figure  5.62.  Summary  histogram  for  sieve  1 1/2"  of  subbase-B. 


205 


O) 

LU 


< 

cn 


u. 

o 


cc 

LU 

ffi 


80 


60 


40 


20 


^•737S7S7 

■s*s«s*%V 

•s«sV%VsV 

•SaS*S«%V 

•S*S*S*S*' 
»%*S*S»S»'  I 
;S»S*S»S«' . 

;S»sVs5sv 

;S-S»S»SV 
;S-S-S*SV 
■S«%«S»S»'  I 

•S"S»S»S*‘ 

■S*S*S*S«*  t 

V ^ • ■•  • w ’ 

*S*S*S*%»' t 
%«S»S«S»'  » 


S«S*S*N* 

s»s«sVs»^%V%VsVsv 


•%  •' 

f 


.■s»s»s»v  . 
.-s  •%•%•%■ 

.■S»S«S»S' 
)»S»S»%5S' 

••sVsVsW  . 
(•sVsVsVv  ‘ 

••S-S-S-S' 
j*S«S*S»S 

.•s»s*s«s< 

••S^S^S^S'  ^ 

^ ^ • /-Af  A ?, 


i$%S«s$sL 

^ •sVsVsVs'  ; 

^•s»s«s»s ; 

^•%Vs«%Vs'  i< 

•b  • s . s . sVs ; 
^■s •%■%•%  ,' 

w • s • %VsVs  ; 
^•sVsVsVv  ' 

^ I' 

^■S«%VSaS  • 

^ ' 

a ^ a ^ a ^ a ^ a , • 
^a%a%aSa%  i< 

^•S«N*S»S 

^■s»s»s»s^ 

a ^ a ^ a a , • 

^aSaSaSaS  >• 
^ 7^  a ^ a ^8  ^7,  * 
.1  ^aSaSaSaS  ' 

' ^aSbSasV%  < 

< 4ftftftft  ’ 
iftftftft  ■ 

a^a^a^a^a,  • 


>7^7^a^7^i 

>a^a^a^a^< 

S*%«S«Sa* 

^a^a^a^a^i 

S«sVsVsa« 

•a^a^a^a^i 
SaSaSaSa* 
•i^a<aa'7,Pj 
S*Sa%aSa" 

■a^a^a^a^i 

‘a^a^a^a^i 
SaSaSaSai 

*7^7^7^7^J 

SaS»%aSa« 

SaSaSasV* 

SaS*SaS** 
•a^a^7^7/i 
^S«%V%VSa' 

ftftftft^ 

tftftft*  C 


^^■NaS"S 


lAl 


yaSaSaSaS 


SaSaS'aSa 

4ftftft*  i 
sftftft*  f. 
WJift*  5 
Aftftft*  f. 

4ftftft*  ^ 
4ftftft*  i 
sftftftvy. 


Mean  Difference  from  T.V.  1 1 .495 
Range  *5.000  to  26.000 

Pooled  Standard  Deviation  4.619 
Number  of  Samples  309 


a%aSa%aSa 

ftftftfti 

ftftftft< 

ftftftfti 

ftftftfti 

ftftftfti 

ftftftft^ 

ftftftftft 


• •SSSSj. 


-5.0 


15.0  25.0  35.0 

DIFFERENCE  FROM  T.V. 


45.0 


Figure  5.63.  Summary  histogram  for  sieve  1"  of  subbase-B. 
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Figure  5.64.  Summary  histogram  for  sieve  3/4"  of  subbase-B. 
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Figure  5.65.  Summary  histogram  for  sieve  3/8"  of  subbase-B. 
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Figure  5.66.  Summary  histogram  for  sieve  #4  of  subbase-B. 
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Figure  5.67.  Summary  histogram  for  sieve  #10  of  subbase-B. 
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Figure  5.68.  Summary  histogram  for  sieve  #40  of  subbase-B 
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Figure  5.69.  Summary  histogram  for  sieve  #200  of  subbase-B 
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Figure  5.70.  Summary  histogram  for  density  of  subbase-B. 
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Table  5-8.  GRAND  SUMMARY  AND  THE  NEW  LOWER  LIMIT 

FOR  COMPACTION  OF  SUBGRADE 


Property 

Number  of 
Samples 

Mean 

Pooled- 

Standard 

Deviation 

Current 

Require- 

ment 

New 
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Limit 

DENSITY  % 

1045 

99.38 

3.26 

100%  min 

95%  min 

NOTE:  Total  number  of  lots  analyzed  = 49. 
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Figure  5.71.  Summary  histogram  for  density  of  subgrade. 
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Table  5-9.  GRAND  SUMMARY  AND  THE  NEW  LOWER  LIMIT 

FOR  COMPACTION  OF  EMBANKMENT 


Property 

Number 

of 

Samples 

Mean 

Pooled- 

Standard 

Deviation 

Current 

Require- 

ment 

New 

Lower 

Limit 

DENSITY  % 

422 

96.56 

4.00 

95%  min 

89%  min 

NOTE:  Total  number  of  lots  analyzed  = 51. 
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Tolerances  Using  Monthly  Construction 
Data  rM.C.  Datal 

A database  for  two  asphalt  items  were  established  to  analyze  the 
data  and  to  develop  the  JMF  tolerances  using  monthly  construction  reports. 
The  first  item  was  bituminous  wearing  course  Qass-A  (CBWC-A),  and  the 
other  was  bituminous  base  course  Class-A  (CBBC-A). 

CBWC-A -- A total  of  686  samples  were  obtained  from  12  different 
projects.  The  results  of  the  statistical  analysis  and  the  new  acceptance  limits 
are  indicated  in  Table  5.10.  The  results  are  also  shown  graphically  in 
Figures  5.73  through  5.82. 

CBBC-A" A total  of  856  samples  were  gathered  from  the  monthly 
construction  reports  on  13  projects.  The  analysis  results  and  the  developed 
acceptance  limits  are  indicated  in  Table  5.11.  The  graphical  results  are 
shown  in  Figures  5.83  through  5.91. 

H.O.  Data  vs.  M.C.  Data  of  Asphalt  Mixes 

Two  sets  of  tolerances  around  JMF  or  BWC-A  and  BBC-A  were 
developed  using  the  variability  measured  with  H.O.  data,  and  another  set 
with  M.C.  data.  The  two  sets  of  tolerances  were  compared  with  each  other 
as  shown  in  Table  5.12.  In  general,  the  differences  were  not  perceptible  for 
all  the  gradation  sieves,  density,  and  thickness.  In  contrast,  there  was  an 
appreciable  difference  with  respect  to  asphalt  content  in  the  two  sets. 
Specifically,  on  BWC-A  the  tolerances  developed  with  H.O.  data  for 
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Table  5-10.  SUMMARY  OF  THE  ANALYSIS  RESULTS  FROM  THE 

M.C  DATA  AND  THE  TENTATIVE  ACCEPTANCE 
LIMITS  FOR  CBWC-A 


Property 

Number 

of 

Samples 

Mean 

Pooled- 

Standard 

Deviation 

JMF 

Limits 

3/4" 

686 

100. 

0.10 

± 4 

1/2" 

686 

88.6 

2.40 

± 4 

#4 

686 

55.35 

3.01 

± 5 

#10 

686 

38.21 

2.26 

± 4 

#40 

686 

20.27 

1.62 

± 3 

#80 

686 

11.52 

1.23 

± 2 

#200 

686 

5.04 

0.95 

± 1 

DENSITY  % 

235 

97.73 

1.12 

94  min 

% AC-m 

679 

5.04 

0.22 

± 0.40 

THICK 

45 

4.76 

0.60 

- 9 mm 

NOTE:  Total  number  of  lots  analyzed  = 20. 
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Figure  5.73.  Summary  histogram  for  sieve  3/4"  of  BWC-A  (M.C. 

Data). 
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Figure  5.74.  Summary  histogram  for  sieve  1/2"  of  BWC-A  (M.C. 
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Figure  5.76.  Summary  histogram  for  sieve  #10  of  BWC-A  (M.C. 
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Figure  5.77.  Summary  histogram  for  sieve  #40  of  BWC-A  (M.C. 
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Figure  5.78.  Summary  histogram  for  sieve  #80  of  BWC-A  (M.C. 
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Figure  5.79.  Summary  histogram  for  sieve  #200  of  BWC-A  (M.C 
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Figure  5.80.  Summary  histogram  for  density  of  BWC-A  (M.C.  Data.) 
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Figure  5.81.  Summary  histogram  for  asphalt  content  of  BWC-A 
(M.C.  Data). 
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Data). 


Figure  5.82.  Summary  histogram  for  thickness  of  BWC-A  (M.C 
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Table  5-11.  SUMMARY  OF  THE  ANALYSIS  RESULTS  FROM 

THE  M.C  DATA  AND  THE  TENTATIVE 
ACCEPTANCE  LIMITS  FOR  CBBC-A 


Property 

Number  of 
Samples 

Mean 

Pooled- 

Standard 

Deviation 

JMF 

Limits 

3/4" 

849 

90.73 

1.87 

± 3 

3/8" 

855 

65.62 

3.44 

± 6 

#4 

856 

52.54 

3.08 

± 6 

#10 

856 

37.79 

2.74 

± 5 

#40 

856 

18.66 

1.94 

± 3 

#200 

856 

5.34 

0.97 

± 1 

DENSITY  % 

305 

98.36 

1.20 

94%  min 

% AC-m 

828 

4.73 

0.21 

± 0.40 

THICK 

181 

9.45 

0.96 

- 16  mm 

NOTE:  Total  number  of  lots  analyzed  = 27. 
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Data). 


Figure  5.83.  Summary  histogram  for  sieve  3/4"  of  BBC-A  (M.C 
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Figure  5.84.  Summary  histogram  for  sieve  3/8"  of  BBC-A  (M.C. 

Data). 
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Figure  5.85. 

Data). 


Summary  histogram  for  sieve  #4  of  BBC-A  (M.C 
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Figure  5.86.  Summary  histogram  for  sieve  #10  of  BBC-A  (M.C. 


I 

35.0 


234 


264 


(/> 

LU 


198 


< 

(/) 

u. 

O 

QC 

UJ 

03 


132 


5 66  - 


-10.0 


Mean  Difference  from  T.V.  -0.522 
Range  -9.000  to  8.000 


f 


TT 


j Kj  Lj  ^ 


ww 
wuv 
vvw 
Wuv 
ww 
vuw 
vwv 
wuv 
vxrw 

VuuV 


A7' W Kf 

VuVu\ 


V V VI 

ATWU 
AAAA; 

aaaa.<uuuuu 

AAAA;  uWVA  Pooled  Standard  Deviation  1 .945 

Number  of  Samples  856 

-Cy^^^iv  y^■(^^y^ 

/wyuc^^ 

^y^cy^^yMMMJ- 

'Cy^!^!^' y^o^ . 

■!Myyy  yy^o^  lu  u u 

AAAA/UWXAWW 
A/VUVUWWXAAAT 


/yww 

AAVUUVXAAVUW 

/uywuyw^ 

/wuy  uvu>A  vuw 

AA/UU  UWXA,  VVWi  rcrcnro 

AAATUUVUVXWW  AAAA/ 
A A A n f I ri  r>  a/^  a ArViri  n Ari  itr 


-6.0  -2.0  2.0 

DIFFERENCE  FROM  T.V. 


6.0 


"I 

10.0 


Data). 


Figure  5.87.  Summary  histogram  for  sieve  #40  of  BBC-A  (M.C. 
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Figure  5.88.  Summary  histogram  for  sieve  #200  of  BBC-A  (M.C 
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Figure  5.89.  Summary  histogram  for  density  of  BBC-A  (M.C  Data). 
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Figure  5.90.  Summary  histogram  for  asphalt  content  of  BBC-A  (M.C. 

Data). 
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Figure  5.91.  Summary  histogram  for  thickness  of  BBC-A  (M.C. 


239 


Table  5-11  RESULTS  COMPARISON  FOR  H.  O.  DATA  AND  M.C 

DATA  OF  ASPHALT  MIXES 


Parameter 

Acceptance  Limits 

BWC-A 

BBC-A 

H.O.  Data 

M.C.  Data 

H.O.  Data 

M.C.  Data 

3/4" 

± 5 

± 4 

± 6 

± 3 

1/2" 

± 5 

± 4 

- 

- 

3/8" 

- 

- 

± 9 

± 6 

#4 

± 7 

± 5 

± 8 

± 6 

#10 

± 5 

± 4 

± 6 

± 5 

#40 

± 4 

± 3 

± 4 

± 3 

#80 

± 3 

± 2 

- 

- 

#200 

± 2 

± 1 

± 2 

± 1 

% AC-m 

± 0.82 

± 0.40 

± 1.0 

± 0.40 

Density  % 

94%  min 

94%  min 

94%  min 

94%  min 

Thickness  (mm) 

- 13  mm 

- 9 mm 

- 22  mm 

- 16  mm 
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gradation  sieves  (3/4  inch  through  #200  sieve)  were  wider  by  1%  over  the 
tolerances  established  with  M.C.  data  for  the  same  properties  by  only  1%. 
Whereas  the  tolerance  on  asphalt  content  computed  with  H.O.  data  was 
approximately  doubled  over  that  developed  with  M.C.  data.  However,  on 
sieve  #4,  the  tolerances  from  H.O.  data  were  increased  by  2%  over  the 
tolerance  computed  from  M.C.  data. 

On  the  BBC-A,  the  tolerances  developed  with  H.O.  data  for 
gradation  sieves  were  wider  than  those  computed  with  M.C.  data  by  only  3% 
for  sieves  3/4  inch,  and  3/8  inch,  2%  for  sieve  #4,  and  by  only  1%  for  sieves 
#10,  #40  and  #200.  Further,  there  was  150%  increase  on  the  tolerance  of 
the  AC  developed  from  H.O.  data  over  that  of  M.C.  data.  However,  the 
tolerances  on  density  from  the  two  sources  of  data  were  about  the  same. 

The  tolerances  on  thickness  for  the  two  types  of  mix  were  smaller 
with  M.C.  data  than  those  developed  with  H.O.  data. 

The  increase  in  the  variability  measured  with  H.O.  data  over  that  of 
M.C.  data,  particularly  on  AC,  was  because  of  the  following: 

1.  The  H.O.  process  is  done  after  more  than  one  year  from 
opening  the  road  to  traffic  which  apparently  causes 
degradation  of  the  pavement  aggregate.  Further,  the 
absorption  of  aggregate  to  asphalt  may  increase. 

2.  The  extraction  test,  which  is  run  during  the  H.O.  process  to 
determine  the  AC  of  the  mixes,  is  conducted  according  to 
ASTM  D2172-81  (MOC  Designation:  MRDTM  418). 
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However,  the  part  concerning  the  determination  of  the 
mineral  matter  in  the  extract  is  not  run.  Therefore,  the  filler 
mixed  with  the  extract  is  considered  as  asphalt  which  could 
effect  the  accuracy  of  the  results. 

3.  The  H.O.  procedures  do  not  impose  any  penalties  when  the 
deviation  of  AC  is  on  the  positive  side,  when  it  did  not  result 
in  any  apparent  deficiency  on  the  pavement,  no  matter  how 
large  the  deviation  is.  Often  the  producers  try  to  reduce 
their  chances  of  being  penalized  because  of  this  characteristic 
by  increasing  the  asphalt  in  the  mix  in  order  to  make  the 
deviation  on  the  positive  side. 

4.  Different  people  on  H.O.  committees  could  increase  the 
sampling  and  testing  variability.  Generally,  during  the 
acceptance  process  many  subjective  decisions  are  made 
which  could  influence  the  outcome  of  the  results.  For 
example,  the  number  of  samples,  the  security  of  the 
laboratory  samples  and  the  accuracy  of  the  test  results  vary 
from  person  to  person.  Fromm  (1978)  found  that  60%  to 
70%  of  the  variance  in  the  measured  value  of  the  material 
characteristic  may  be  caused  by  sampling  and  testing  which  is 
done  by  an  outside  agency. 
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Suggested  JMF  Tolerances 

The  development  of  JMF  tolerances  based  on  the  variability 
determined  with  H.O.  data  of  good  projects  has  resulted  in  limits  that 
represent  what  is  practical  to  achieve,  and  has  been  achieved  in  the 
construction  with  satisfactory  quality.  The  exception  is  the  AC  where  the 
variability  was  too  large  because  of  factors  mentioned  earlier.  Therefore,  for 
convenience  and  practical  consideration  the  standard  deviation  of  the  AC 
was  substituted  by  that  developed  with  M.C.  data  which  resulted  in  plus  or 
minus  0.40%  tolerance  for  both  asphaltic  items  (i.e.,  BWC  and  BBC). 
Moreover,  the  variability  of  the  thickness  was  also  too  large  because  the 
producers  try  to  maintain  the  minimum  thickness  requirement  regardless  the 
variability.  As  a result,  most  of  the  measurements  were  in  the  upper  side  of 
TV.  Consequently,  the  overall  mean  of  thickness  for  all  bituminous  courses 
are  above  TV.  In  this  case,  the  minus  1.65  a is  unreasonable.  For 
practicality  the  tolerance  on  thickness  was  made  equal  to  -9  mm  which 
resulted  from  analyzing  M.C.  data  for  BWC-A  (see  Table  5.10)  and  used  by 
FHWA  in  all  its  divisions  (FHWA,  1985).  These  tolerances  (shown  in  Table 
5.13)  are  the  most  realistic  possible  because  they  are  based  on  data  from  a 
variety  of  good  projects  representing  the  whole  country.  These  tolerances 
are  likely  to  be  incorporated  in  the  MOC  specifications. 
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Table  5-13.  SUGGESTED  SPECIFICATION  LIMITS  FOR 

ASPHALTIC  MIXES 


JMF  Tolerances 

Parameter 

BWC 

BBC 

Current* 

Suggested'’ 

Current* 

Suggested' 

3/4" 

± 6 

± 5 

± 6 

± 6 

1/2" 

± 6 

± 5 

- 

- 

3/8" 

± 5 

± 4 

± 5 

± 8 

#4 

± 5 

± 7 

± 5 

± 7 

#10 

± 4 

± 5 

± 4 

± 6 

#40 

± 4 

± 4 

± 4 

± 4 

#80 

± 3 

± 3 

- 

- 

#200 

± 1.5 

± 2 

± 1.5 

± 2 

% AC-m 

± 0.30 

± 0.4“ 

± 0.30 

± 0.40“ 

Density  % 

94%'  min 

94%'  min 

96%  min 

93%  min 

Thickness  (mm) 

- 3 mm 

- 9 mm“ 

- 3mm 

-9  mm“ 

•MOC  (1978)  Addendum  to  MOC  (1972). 

'’Based  on  three  different  classes:  BWC-A;  BWC-B,  and  BWC-C. 
'Based  on  two  classes:  BBC-A,  and  BBC-B. 

‘‘From  M.C.  data. 

'Of  the  Daily  Marshall  Laboratory  Density.  This  new  limit  provides  a 
minimum  of  90%  of  the  Daily  Maximum  Specific  Gravity. 


Evaluation  of  Poor  Performance  Projects 
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General 

Some  projects  considered  in  this  dissertation  were  excluded  from  the 
main  database  because  of  their  poor  performance  history.  It  was  of  interest 
to  evaluate  their  performances  and  try  to  draw  some  conclusions  regarding 
the  causes  of  deficiencies  in  pavements  and  used  the  available  investigation 
reports  for  those  projects. 

Investigation  Reports  Review 

A survey  of  the  investigation  reports  on  the  excluded  projects 
revealed  that  some  roads  were  showing  early  signs  of  deterioration  of 
pavement  layers  which  affect  the  performance  of  the  road.  The  major 
observed  distresses  on  the  pavements  were  rutting  and  raveling. 

Rutting 

The  most  common  pavement  distress  on  the  highways  in  Saudi 
Arabia  is  rutting  or  pavement  deformation  which  has  become  a serious 
problem.  Rutting  is  the  vertical  deformation  along  the  wheel  tracks. 

The  mechanism  of  rutting  is  described  as  follows.  When  a pavement 
is  under  an  extremely  heavy  axle  load  and  high  temperature,  the  stiffness  of 
the  pavement  decreases,  and  the  elastic  response  reaches  the  ultimate  point 
where  the  creep  response  (shear  rate)  occurs. 
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There  are  many  factors  which  affect  rutting  phenomenon.  In 
general,  the  quality  and  gradation  of  aggregates  are  the  most  significant 
factors  because  aggregates  compose  approximately  95%  of  the  AC  mixture 
by  weight.  Therefore,  aggregate  characteristics  such  as  hardness,  angularity, 
percent  fracture,  cleanness,  and  durability  are  very  important.  In  other 
words,  uncrushed  gravel  produce  aggregates  with  no  sufficient  fractured 
faces  which  results  in  a lack  of  adhesion  between  the  binder  and  aggregates. 
Consequently,  the  mixture  produced  will  have  lower  stability,  decreased 
durability,  and  the  resistance  to  rutting  will  be  low.  For  example,  the 
investigation  committee  of  the  Riyadh-Qassim  Expressway,  which  had  a 
severe  rutting  problem,  attributed  the  rutting  to  excessive  amount  of  natural 
sand.  The  evaluation  report  of  that  project  (MOC,  1989)  stated  'The 
percentage  of  the  uncrushed  fines  with  smooth  surfaces  was  high  because 
the  requirement  for  removing  the  quarry  fines  prior  to  feeding  the  crusher  is 
undefined"  (p  24).  Further,  "There  was  no  strict  requirement  for  prescalping 
implemented  by  the  consultant.  The  end  result  was  a high  percentage  of 
natural  sand  which  went  through  the  crusher  and  was  considered  as  crushed 

sand  in  addition  to  the  natural  sand  the  contractor  was  allowed  to  put  in"  (p 
18). 

Another  factor  which  could  cause  rutting  is  heavy  repetitive  loads 
aggravated  by  high  temperatures.  When  the  axle  load  exceeds  the  allowable 
limit,  it  increases  the  depth  of  influence  of  the  stress  which  may  result  in  a 
consolidation  of  one  or  more  of  the  pavement  layers.  Further,  high 
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temperatures  decrease  the  stiffness  of  the  asphalt.  The  investigation  reports 
of  Abqaiq-Al  Dahran  road  (Dhalaan  and  Nuesa,  1983),  (MOC,  1983) 
(Resource  International,  1984)  indicated  that  the  truck  lane  had  more  severe 
rutting  because  of  heavy  traffic  of  which  50%  was  large  trucks.  The 
exceedingly  heavy  axle  loads  from  trucks  are  a problem  since  there  are  no 
practical  restrictions  on  truck  loads,  such  as  weighing  stations.  Dhalaan  and 
Nuesa  (1983)  have  concluded  that  "the  exceptionally  heavy  traffic  was  the 
prime  suspect"  (p  2).  In  addition  to  the  above,  air  temperatures  in  that  area 
could  reach  120®  F,  with  intensive  solar  radiation.  Consequently,  the 
pavement  temperature  could  be  as  high  as  160°  F. 

Other  factors  that  increase  the  potential  for  pavement  rutting  are 
deficiencies  in  the  specifications  or  mix  design  procedures  which  could  result 
in  high  AC  or  low  VMA  values.  For  example,  at  the  time  of  construction  of 
the  Riyadh-Qassim  Expressway,  which  had  a rutted  pavement,  there  was  no 
requirement  for  VMA.  The  investigation  results  for  the  BWC  from  that 
project  indicated  low  air  voids  for  both  the  remolded  samples  and  pavement 
cores.  Similarly,  values  for  VMA  were  also  low  for  the  remolded  samples. 

In  general,  the  Marshall  mix  design  procedure  gave  a higher  asphalt  content 
than  the  Hveem  procedure  if  it  had  been  used.  Further,  rutting  resistance  is 
better  characterized  by  Hveem  stability  than  by  Marshall  stability  which  does 
not  satisfy  the  performance  requirements  such  as  rutting.  Therefore,  Hveem 
procedures  may  be  a more  appropriate  design  against  rutting  due  to  the 
nature  of  the  test  since  Hveem  procedure  measures  the  aggregate  interlock. 
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Moreover,  poor  workmanship  could  contribute  to  rutting  in  the  pavement. 
That  happened  in  the  A1  Kharj-Al  Hayathem  road  in  which  the  compactions 
were  as  high  as  102%  of  the  original  Marshall  compaction  values,  most  likely 
because  the  mix  was  unstable  since  there  were  some  problems  in  the  mix 
design  for  BWC  and  BBC  As  a result,  air  voids  were  dropped  in  the  range 
of  1%  at  the  actual  stage  under  heavy  traffic  which  likely  caused  the  rutting 
in  that  road  (MOC,  1986). 

In  general,  to  prevent  rutting,  the  quality  of  the  aggregate  must  be 
controlled  to  ensure  a quality  asphalt  pavement.  Properties  that  must  be 
controlled  are  the  amounts  of  crushed  particles,  maximum  aggregate  size, 
amount  and  quality  of  filler,  and,  of  course,  gradation.  Moreover,  the 
specifications  must  state  the  requirements  for  the  properties  which  control 
the  AC  or  affect  the  pavement  behavior  under  stress  such  as  VMA  values. 

Raveling 

Another  observed  pavement  distress  was  raveling  which  is  the 
progressive  loss  of  pavement  material  from  the  surface.  It  is  believed  that 
the  lack  of  adequate  binder  coating  is  the  primary  cause  of  raveling  in 
pavements.  In  general,  low  AC,  inferior  quality  of  aggregate,  segregation  of 
the  mix,  over-heating  of  the  mix,  or  low  temperature  at  the  time  of 
spreading  are  the  factors  that  decrease  the  adhesion  force  between  the 
binder  and  the  aggregate.  For  example,  the  H.O.  data  of  one  of  the  raveled 
pavements  in  Saudi  Arabia  (i.e.,  Riyadh-Qassim  Expressway  Section  9) 
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indicated  that  35%  of  AC  samples  for  BWC  were  under  the  minimum 
requirement  (i.e.,  L).  Similarly  28.6%  of  BBC  samples  were  under  their  L 
Moreover,  investigation  reports  (MOC,  1989)  indicated  a low  asphalt  content 
and  a low  film  thickness  (i.e.,  about  3.5  microns).  Further,  the  quality  of 
aggregate  was  extremely  poor  as  it  contained  a significant  amount  of  chert 
and  weathered  rock. 

Data  analysis 

The  secondary  database,  which  was  designated  to  contain  data  of  15 
poor  performance  projects,  was  analyzed  to  obtain  the  statistical  parameters 
of  BWC-A,  BBC-A,  and  BBC-B  to  be  used  in  data  comparison  as  discussed 
in  the  following  section.  The  graphical  analysis  results  are  shown  in 
Appendix  C. 

Data  comparison 

A comparison  between  the  bad  pavement  data  and  good  pavement 
data  was  necessary  to  determine  the  differences  of  their  means,  and  how  the 
variability  of  the  two  groups  compared  to  each  other.  This  comparison  may 
lead  to  an  identification  of  the  factors  causing  the  problems  encountered. 
Graphical  comparison  was  made  for  H.O.  data  for  the  two  groups. 

The  pooled  standard  deviations  computed  in  the  main  database  from 
H.O.  data  (i.e.,  good  pavements  group)  were  compared  with  the  pooled 
standard  deviations  developed  for  poor  performance  projects  (i.e.,  bad 
pavements  group)  for  the  following  asphaltic  items:  BWC-A,  BBC-A,  and 
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BBC-B.  The  characteristics  of  each  item  include  gradation  sieves  and  AC 
Furthermore,  a similar  comparison  was  made  on  the  overall  means  of  the 
same  characteristics  for  those  items. 

The  overall  mean  of  a characteristic  was  determined  by  combining 
the  individual  project  means  for  the  same  characteristic  and  then  dividing 
the  result  by  the  number  of  projects.  This  procedure  was  conducted  for  the 
two  groups  of  projects. 

In  Table  5.14  we  have  listed  the  pooled  standard  deviations  and  the 
means  for  the  characteristic  of  BWC-A  in  the  two  groups.  Similarly,  values 
are  presented  in  Table  5.15  for  BBC- A,  and  in  Table  5.16  for  BBC-B. 

For  each  mix  (i.e.,  BWC-A,  BBC-A,  BBC-B)  two  comparison  graphs 
were  prepared  as  follows: 

1.  Comparison  of  the  gradation  sieve  means  in  the  two  groups. 
These  are  shown  in  Figures  5.92,  5.93,  5.94  for  BWC-A, 
BBC-A,  and  BBC-B,  respectively. 

2.  Comparisons  of  pooled  standard  deviations  in  the  two 
groups.  TTiese  comparisons  are  shown  in  Figures  5.96,  5.97, 
5.98  for  BWC-A,  BBC-A,  BBC-B,  respectively. 

Moreover,  means  and  standard  deviations  of  AC  in  the  three  mixes 
from  the  two  groups  were  compared  graphically  as  shown  in  Figures  5.95 
and  5.99,  respectively. 
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Table  5-14.  RESULTS  COMPARISON  FOR  GOOD  AND  BAD  PAVEMENTS 

DATA  OF  BWC-A 


Good  Pavements 

Bad  Pavements 

Parameter 

Standard 

Deviation 

Mean 

Standard 

Deviation 

Mean 

3/4" 

0.57 

99.88 

0.60 

99.88 

1/2" 

2.95 

87.25 

2.88 

88.40 

#4 

3.66 

53.95 

3.51 

55.95 

#10 

2.72 

37.27 

2.60 

38.82 

#40 

2.17 

20.27 

1.93 

20.80 

#80 

1.69 

12.27 

1.57 

12.33 

#200 

1.13 

6.68 

1.24 

6.03 

AC 

0.42 

5.16 

0.36 

4.83 
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Table  5-15.  RESULTS  COMPARISON  FOR  GOOD  AND  BAD  PAVEMENTS 

DATA  OF  BBC-A. 


Good  Pavements 

Bad  Pavements 

Parameter 

Standard 

Deviation 

Mean 

Standard 

Deviation 

Mean 

3/4" 

3.30 

88.72 

2.91 

90.61 

3/8" 

4.66 

67.05 

2.94 

65.47 

#4 

4.27 

51.73 

2.89 

52.26 

#10 

3.37 

37.29 

2.78 

39.64 

#40 

2.34 

20.18 

1.85 

21.41 

#200 

1.10 

6.03 

1.12 

6.21 

AC 

0.53 

4.97 

0.46 

4.83 
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Table  5-16.  RESULTS  COMPARISON  FOR  GOOD  AND  BAD  PAVEMENTS 

DATA  OF  BBC-B 


Good  Pavements 

Bad  Pavements 

Parameter 

Standard 

Deviation 

Mean 

Standard 

Deviation 

Mean 

3/4" 

3.48 

86.53 

3.51 

83.55 

3/8" 

4.12 

64.90 

4.33 

61.02 

#4 

3.86 

50.69 

4.01 

46.10 

#10 

3.91 

36.09 

3.11 

31.51 

#40 

2.22 

19.43 

2.06 

16.50 

#200 

1.33 

5.78 

1.11 

5.50 

Ac 

0.46 

4.72 

0.41 

4.50 
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Figure  5.92.  Means  comparison  of  gradation  sieves  for  BWC-A. 
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Figure  5.93.  Means  comparison  of  gradation  sieves  for  BBC-A. 


254 


Figure  5.93.  Means  comparison  of  gradation  sieves  for  BBC-A. 


256 


Figure  5.95.  Means  comparison  of  asphalt  content  for  different 

mixes. 
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Figure  5.97.  Standard  deviations  comparison  of  gradation  sieves  for 
BBC- A. 


STD.  DEV.(%  PASSING) 


259 


#4  #10  #40 

GRADATION  SIEVES 


Figure  5.98. 
BBC-B. 


Standard  deviationscomparison  of  gradation  sievesfor 

I 

t 


J 


260 


1 


O 0.4- 

H 

< 

> 0.3  ^ 

Q 
Q 

H 0.2  H 

(fi 


m 


/ / / / ^ 

\ s \ \ s 

/ / / / / 

\ \ \ \ \ 

/ / / / / 

\ \ \ \ \ 

^ / / / / 

\ \ s \ \ 

✓ ✓ X ✓ ✓ 

\ \ \ N \ 

✓ ✓ / ✓ ✓ 

\ \ N \ \ 

✓ ✓ ✓ / X 

\ \ S \ \ 

X X X X X 

s \ \ \ \ 

X X X X X 

\ \ \ \ N 

X X X X X 

\ \ \ \ X 

X X X X X 

, \ \ \ \ N 

X X X X X 

, \ s \ \ \ 

X X X X X 

, \ \ \ \ s 

X X X X X 

, \ N \ \ \ 

X X X X X 

, \ \ \ \ N 

X X X X X 

, \ \ s \ \ 

X X X X X 

, S \ \ \ N 

X X X X X 

, \ \ \ \ \ 

X X X X X 

, \ \ s \ s 

X X X X X 

k \ \ \ \ \ 

X X X X X 

k \ \ \ \ \ 

X X X X X 

k S N \ \ S 

X X X X X 

k \ \ s \ \ 

X X X X X 

k \ \ N \ \ 

X X X X X 

k \ \ \ \ \ 

X X X X X 

tk  \ \ S \ N 

X X X X X 

\ \ V N \ 

X X X X X 

\ \ \ \ 

X X X X X 

N \ \ \ \ 

X X X X X 

»k  \ \ \ \ 


BWC-A 


BBC-A 

MIXES 


m Good  Pavements 
CZ3  Bad  Pavements 


X X X X X /I 

\ \ N \ N ^ 

X X X X X >1 

\ \ \ \ \ , 

X X X X X /I 

\ N \ \ \ ^ 

X X X X X /I 

\ N \ N X , 

X X X X X /I 

\ \ \ \ X 

X X X X x^ 

X X X X X ^ 

X X X X X / 

X X X X X 

XXXXXk 
X X X X X 

xxxxx- 
X X X X X 

xxxxx- 

X X X X X 

xxxxx. 

xxxxx 
xxxxx. 

xxxxx 
xxxxx, 
xxxxx 
xxxxx. 

X _X  X X X 

xxxxx. 

xxxxx 
xxxxx, 
xxxxx 
xxxxx, 
xxxxx 
xxxxx 
xxxxx 
xxxxx 
xxxxx 
xxxxx 
xxxxx 


BBC-B 


Figure  5.99.  Standard  deviations  comparison  of  asphalt  content  for 
different  mixes. 
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It  was  determined  from  the  means  comparisons  (see  Figures  5.92, 
5.93,  5.94,  and  5.95)  on  all  three  mixes  that  the  difference  between  the 
means  of  the  two  groups  for  all  characteristics  (including  AC)  were  less  than 
anticipated.  It  can  be  concluded  from  these  graphs  that  the  means  of  the 
two  groups  were  similar. 

Moreover,  from  Figures  5.96,  5.97,  5.98  and  5.99,  it  can  be  seen  that, 
except  for  those  of  the  BBC-A  mix,  all  standard  deviations  are  about  the 
same,  and  there  are  no  appreciable  differences  between  the  two  groups. 
Whereas,  the  BBC-A  mix  of  the  good  pavements  showed  larger  standard 
deviation  differences  for  the  3/4  inch  sieve  through  the  #40  sieve  compared 
with  those  of  bad  pavements.  Further,  the  study  also  indicated  that  the  AC 
used  in  all  mixes  of  the  bad  pavement  groups  consistently  had  smaller  values 
for  the  mean  and  standard  deviation  than  the  AC  used  in  the  good 
pavements.  Although  the  differences  were  not  appreciable,  it  might  mean 
that  a low  AC  may  cause  raveling  on  the  surface  of  pavements. 

Furthermore,  there  was  no  perceptible  differences  between  the  two  groups 
with  respect  to  density  in  all  three  mixes  considered  in  the  study. 

The  conclusion  that  can  be  drawn  from  the  data  comparisons  of  the 
two  groups  is  that  test  results  on  both  groups  do  not  exhibit  any  significant 
variation  neither  among  the  means  nor  among  the  standard  deviations. 

Apparently,  the  failure  of  some  pavement  is  attributed  to  some 
factors  other  than  excessive  AC  or  the  variation  of  aggregate  gradation. 
Therefore,  the  conclusions  stated  in  some  of  the  investigation  reports,  in 


which  they  attribute  the  cause  of  deficiencies  to  excessive  uncrushed 
aggregate,  heavy  repetitive  loads  aggravated  by  heat,  deficiency  in 
specifications  and/or  poor  construction,  are  most  likely  correct. 


CHAPTER  6 

SUMMARY  AND  CONCLUSIONS 


Research  Summary 

f General  Problem 

This  research  showed  that  even  though  the  acceptance  procedure 
currently  in  use  by  the  MOC  is  workable  under  proper  conditions,  the 
practice,  nevertheless,  lacks  effectiveness.  It  produces  biased  samples, 
provides  insufficient  information  about  the  risks  being  assigned  to  each 
party,  and  finally  these  procedures  have  no  theoretical  and  mathematical 
basis.  Consequently,  there  is  less  confidence  that  MOC  is  getting  what  it  is 
paying  for.  Since  the  use  of  statistics  is  essential  for  an  effective  quality 
assurance  program  and  a reliable  acceptance  procedure,  MOC  is  moving 
toward  incorporating  statistically  oriented  procedures  into  their  quality 
assurance  system.  Therefore,  there  is  a great  need  for  developing  complete 
statistical  acceptance  procedures  which  should  include  an  acceptance  plan 
that  satisfies  MOC  needs,  and  new  realistic  tolerances  based  on  the 
magnitude  of  the  actual  variability  found  in  the  existing  good  projects. 


\ 
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Research  Findings 

The  CQMS  is  a new  effective  approach  which,  if  adapted,  will 
enhance  the  quality,  durability,  and  performance  of  the  end  product.  A 
CQMS  should  include  statistical  acceptance  plan,  rational  payment  table 
with  incentive  provisions,  realistic  specification  tolerances,  techniques  for  the 
contractor’s  process  control,  improved  materials/tests/equipment,  innovative 
contracting  practices  to  achieve  quality,  personal  qualifications,  and  training 
programs.  Development  of  a statistically  based  acceptance  plan  with  a price 
adjustment  system,  along  with  realistic  acceptance  limits  would  be  a 
significant  step  forward  toward  establishing  a CQMS. 

The  results  of  this  research  were  as  follows: 

1.  To  extend  and  amplify  the  concepts  and  principles  of  MIL- 
STD-414  and  similar  procedures  with  respect  to  the  variables 
sampling  plans. 

2.  ''  To  develop  acceptance  plans  which  employ  both  the  average 

and  the  standard  deviation  to  determine  the  quality  level  for  a 
given  construction  or  material  item. 

3.  To  develop  a price  adjustment  to  determine  the  contractor’s 
final  payment  for  a given  lot. 

4.  To  modify  and  use  the  stand  lot  scheme  to  improve 
performance  of  the  acceptance  plan. 
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5.  To  construct  new  JMF  tolerances  that  represent  what  is 
practically  achievable  and  what  has  been  achieved  in 
satisfactory  quality  projects.  ^ 

6.  To  evaluate  some  of  bad  performance  pavements  using  actual 
construction  data  with  the  aid  of  investigation  team  reports 
prepared  by  MOC  staff  and  others. 

The  Acceptance  Plan 

This  research  shows  that  the  development  of  a statistical  acceptance 
plan  encompasses  many  considerations.  Understanding  the  theories 
underlying  the  acceptance  plan  is  an  essential  prerequisite.  Specifically,  the 
concepts  of  variability,  probability,  and  percent  defective  must  be 
comprehended. 

The  acceptance  plan  is  defined  by  AQL,  RQL,  a,  N,  and  p. 

Therefore,  the  first  step  in  developing  the  plan  involves  selecting  appropriate 
values  for  these  quantities  considering  the  actual  production  capability 
average  and  the  economical  impact  of  selecting  a minimum  sample  size 
needed  to  achieve  the  plan’s  objectives.  Addressing  the  criticality  of  the 
measured  item  could  improve  the  performance  of  the  acceptance  plan.  The 
evaluation  of  the  designed  plan  involves  the  construction  of  OC  curves  to 
assess  associated  risks  with  all  possible  levels  of  quality  and  sample  sizes 
under  the  expected  conditions.  Understanding  the  incomplete  p -distribution 
tables  is  essential  to  construct  the  QI  table  which  provides  Q-values  (i.e.,  Qu 
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and/or  Ql)  for  different  percent  defective.  Finally,  the  adjusted  payment 
table,  which  can  be  developed  via  the  noncentral  r-distribution  tables  and  the 
incomplete  p -distribution  tables,  must  be  used  in  conjunction  with  the  QI 
table  to  give  the  appropriate  pay  factor  for  an  inspected  item.  The  concept 
of  the  grand  lot  should  be  understood,  and  be  considered  during  the 
application  of  the  acceptance  plan. 

Acceptance  Tolerances 

The  establishment  of  realistic  acceptance  tolerances  that  reflect  the 
inherent  variability  of  the  construction  process  or  of  material  items,  involves 
acquiring  data  from  existing  quality  highway  construction  projects.  The  next 
step  is  to  analyze  the  data  obtained  and  determine  the  magnitude  of  the 
variability  of  each  considered  characteristic  in  each  construction  item. 

Finally,  the  new  tolerances  should  be  constructed  using  the  statistical 
concepts.  J 


Conclusions 

^ Evaluation  of  the  Acceptance  Plan 

/ 

For  the  acceptance  plan  to  be  valid,  it  should  be  emphasized,  based 

on  the  assumption  made  earlier,  that  the  distribution  underlying  the 

/ 

population  is  normal  or  close  to  normal.  Moreover,  all  samples  must  be 
unbiased,  i.e.,  by  taking  them  using  independent  random  sampling  or 
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stratified  random  sampling  where  the  lot  is  divided  into  sublots  and  random 
samples  are  taken  from  these  sublots. 

The  evaluation  of  the  proposed  acceptance  plan  is  performed  using 

/ 

OC  curve  technique.  The  OC  curves  are  constructed  for  a given  sample  size 

/ 

using  the  noncentral  /-distribution  tables.  This  technique  provides  P-risk  for 
various  quality  levels.  It  was  found  that  P-risk  was  reasonable  under  the 
expected  construction  conditions.  Furthermore,  the  proposed  acceptance 
plan  is  found  to  be  adequate,  practical,  and  capable  of  detecting  poor  quality 
materials.  In  order  for  the  acceptance  plan  to  work  properly,  the 
specifications  should  define  the  size  of  the  lot  in  terms  of  appropriate  units 
of  measure  (e.g.,  a day’s  production  or  a specified  length  of  highway). 
Further,  the  number  of  samples  to  be  taken  from  each  lot  should  be  stated 
clearly. 

The  Pav-Factor  Table 

A complete  adjusted  price  table  consists  of  bonus  factors  (i.e.,  a pay- 
factor  of  more  than  1.00)  for  superior  quality  in  addition  to  regular  payment 
factors  (i.e.,  a pay  factor  of  1.00  or  less).  Meanwhile,  incentive  provisions 
are  prohibited  by  law  in  Saudi  Arabia.  Therefore,  such  provisions  were  not 
considered  in  this  research.  However,  it  is  recommended  that  the  MOC 
apply  some  kind  of  indirect  incentive  to  the  contractor  which  is  not  against 
the  law  in  order  to  maintain  effective  process  control  and  to  improve  the 
uniformity  of  the  product. . Such  incentive  could  be  a bonus  on  one  item  to 
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reduce  penalties  on  other  items  providing  that  the  final  payment  did  not 
result  in  a bonus  payment.  The  change  to  allow  incentives  would  not  effect 
the  proposed  acceptance  plan.  The  MOC  must  decide  on  how  much  risk 
will  be  assigned  to  the  producer,  then  the  bonus  portion  can  be 
accomplished  using  the  same  procedure  used  to  develop  the  pay-factor  table. 

The  criticality  of  the  measured  characteristic  as  a major  or  minor 
classification  is  incorporated  into  the  pay-factor  table  to  reflect  the 
importance  of  every  parameter  in  the  performance  of  the  product. 

The  Grand  Lxit  Scheme 

Since  the  highway  construction  process  flows  in  a sequential  way,  the 
grand  lot  scheme  should  be  modified  and  applied  with  the  acceptance  plan 
to  enhance  its  effectiveness  by  reducing  P-risk  significantly.  The 

specifications  should  state  the  maximum  number  of  lots  to  be  allowed  to 
aggregate  as  a grand  lot. 

The  Application  of  the  Plan 

It  is  highly  recommended  that  a computer  program  be  used  to 
implement  the  acceptance  plan.  The  FHWA  has  developed  a computer 
program  called  SAUDI  PF.  which  incorporates  all  of  the  tables  developed. 
This  makes  the  application  of  the  plan  more  convenient  and  highly  effective. 
Special  contract  language  should  be  written  as  clearly  and  concisely  as 
possible.  The  contracts  should  include  a nonbidable  item  for  quality  control 
sampling  and  testing.  Its  cost  will  not  be  included  in  the  total  bid  price. 
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This  will  encourage  the  contractor  to  improve  his  quality  control  system 
without  affecting  his  chances  of  submitting  the  lowest  bid.  The  procedure 
should  be  introduced  into  a few  projects  and  the  results  should  be  evaluated 
before  full  implementation. 

JMF  Tolerances 

The  material  items,  for  which  the  JMF  tolerances  were  established, 
were  selected  based  upon  the  actual  needs  and  priorities  of  MOC.  On  the 
basis  of  statistical  finding  from  this  research,  new  realistic  limits  were 
constructed  for  different  classes  of  bituminous  base  and  wearing  courses, 
aggregate  base  course  (Class  A),  and  granular  subbase  (Class  B).  Further, 
new  lower  limits  were  set  up  for  subgrade  and  embankment  densities. 

These  limits  represent  adequate  quality  control,  and  they  are  the  most 
realistic  possible  since  they  are  based  on  variation  measured  from  the  actual 
production  data.  These  limits  are  expected  to  be  incorporated  into  the 
MOC’s  general  specifications  to  replace  the  existing  arbitrary  tolerances. 

H.O.  Data  vs.  M.C.  Data 

The  tolerances  established  in  this  research  are  based  on  variations 
measured  from  H.O.  data  and  M.C.  data.  Therefore,  two  sets  of  tolerances 
were  constructed  for  comparison  purposes.  The  comparison  study  between 
the  two  sets  revealed  that  there  is  no  perceptible  difference  between  the 
tolerances  of  all  the  gradation  sieves.  In  much  the  same  way,  the  variability 
on  density  for  the  two  sets  were  about  the  same.  As  a result,  the  average 
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tolerance  on  density  for  both  sets  was  2%.  Therefore,  the  suggested  new 
lower  specification  limit  for  density  was  94%  instead  of  96%  (the  current 
requirement).  This  suggested  new  limit  provides  a minimum  of  90%  of  the 
daily  maximum  specific  gravity.  Consequently,  the  maximum  air  voids  in  mix 
will  be  10%,  which  is  considered  as  a practical  requirement  for  expected 
repetitive  traffic  loads  on  the  long  run.  Furthermore,  several  research 
studies  have  confirmed  that  average  air  voids  of  6%  to  8%  are  ideal.  This  is 
achieved  with  a minimunm  specification  of  90%  to  91%  compaction. 
However,  there  was  appreciable  difference  between  the  tolerances  of  asphalt 
content  and  thickness  in  the  two  sets.  The  deviation  measured  from  H.O. 
data  was  too  large,  which  might  mean  that  there  is  something  wrong  with  the 
H.O.  procedure  with  respect  to  asphalt  content  determination.  Thus,  for 
practical  consideration  the  deviation  of  asphalt  content  and  thickness 
measured  from  M.C.  data  was  used  to  construct  the  tolerances  on  asphalt 
content  asnd  thickness  respectively. 

Performance  Evaluation 

Investigation  reports  review 

A review  of  the  investigation  reports  on  poor  pavements  revealed  that 
rutting  and  raveling  are  the  most  common  distresses  in  pavements  in  Saudi 
Arabia.  These  distresses  were  attributed  to  many  factors.  Among  these  were 
excessive  amounts  of  natural  sand  in  the  mix,  heavy  gross  weights,  high  tire 
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pressure,  high  axle  loads  aggravated  by  high  temperature,  and/or  inferior 
quality  of  aggregate. 

There  is  a need  for  the  MOC  to  evaluate  its  specifications,  mix-design 
process,  and  quality  assurance  practice.  In  particular,  the  specifications 
should  specify  a limit  value  on  the  mix  stiffness,  a requirement  for  the  filler 
binder  ratio,  and  larger  air  voids.  Rutting  resistance  is  better  characterized 
by  Hveem  stability  than  by  Marshall  stability,  therefore,  using  Hveem 
procedure  is  more  appropriate  to  design  the  mix  against  rutting.  Moreover, 
the  MOC  should  develop  a more  effective  quality  assurance  program  and 
increase  its  involvement  in  the  construction  process. 

Data  comparison 

Comparison  between  data  of  good  pavements  and  that  of  poor 
pavements  has  resulted  in  no  palpable  differences,  neither  on  the  means  nor 
on  standard  deviations  of  the  two  groups  for  all  of  the  three  mixes 
considered  (i.e.,  BWC-A,  BBC-A,  and  BBC-B). 

It  can  be  concluded  from  these  comparisons  that  deviations  of 
aggregate  gradation  or  asphalt  content  are  not  the  causes  of  the  deficiencies 
encountered.  Thus,  the  investigation  reports  that  the  conclusions  are  most 
likely  emendable. 

Applicability  to  other  Highway  Agencies 

Although  this  study  was  conducted  with  the  MOC  principally  in  mind, 
other  highway  agencies  will  find  it  useful  because  the  objective  of  improving 
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the  quality  through  statistical  procedures  is  common  to  all  highway  agencies. 
The  author  believes  that  the  acceptance  plan,  with  an  adjusted  price  table,  is 
appropriate  for  use  by  others.  Moreover,  this  study  provides  guidance  to 
agencies  who  are  willing  to  develop  their  own  sp>ecification  limits. 

Future  Research 

Statistically  based  specifications  allow  for  making  acceptance  decisions 
based  on  the  measured  variation  from  sample  results  with  reasonable  risks. 
Although  these  procedures  are  the  most  effective  tool  in  identifying  inferior 
quality  in  the  inspected  item,  they  are,  nevertheless,  unable  to  correlate  the 
accepted  items  with  a high  performance  product.  In  other  words,  a 
pavement  could  be  fully  accepted  based  on  good  statistical  results, 
nonetheless,  this  pavement  may  perform  badly  and  vice  versa. 

Research  is  needed  to  identify  the  significant  characteristics  which 
have  direct  effects  on  the  performance  of  the  product.  Therefore,  there  is  a 
need  to  relate  the  acceptance  decision  not  only  to  the  statistics  of  the 
sample  but  also  to  the  pavement  performance. 


APPENDIX  A 

LIST  OF  PROJECTS  INCLUDED  IN  STUDY 


Project  Name 


Type 
of  Data 


Remarks 


Abuhedriyah-Dammam  (Sec.  lA) 

M.C.*,  H.O.»’ 

Abuhedriyah-Dammam  (Sec.  IB) 

M.C.,  H.O. 

A1  Hada-Taif  Dualway 

H.O. 

Hafer  A1  Batin-Majmaah 

H.O. 

A1  Samman  Road 

M.C. 

A1  Ula-Hail  Road  (Sec.  2) 

H.O. 

A1  Wajh-Dhuba  (Part  II) 

H.O. 

Ar’rass-Al  Badaya  (RD  #2A) 

H.O. 

Baqaa-Hail-Jubah  (Sec.  B) 

H.O. 

Baqaa-Hail-Jubah  (Sec.  D) 

H.O. 

A1  Bukayriah-Al  Badaya 

H.O. 

Buraydah  Ring  Road  (Sec.  3) 

H.O. 

Dammam-Al  Khober  (Sec.  B) 

H.O. 

Deleh  Descent  (ABHA) 

H.O. 

Dhahran-Abqaiq  Road 

H.O. 

Hail-Jubbah  Road 

M.C. 

Hijaz-Makkah  Interchange 

H.O. 

Idabi-Ad’Dayir  Road 

H.O. 

Jeddah-Makkah-Madinah 
Expressway  (Sec.  3) 

H.O. 

Poor 


Poor 
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Project  Name 


Type 

ofData 


Jeddah-Makkah-Madinah 


Expressways  (Sec.  7) 

H.O. 

Jeddah-Makkah  2A  and  2B 

H.O. 

Jeddah-Al  Madinah  (Sec.  6) 

H.O. 

Jeddah-Makkah-Madinah  (Sec.  2) 

H.O. 

Khamasin-Tathleth-Khamees  Mushait 
Sec.  B-1 

H.O. 

Khamasin-T athleth-Khamees  Mushait/B2 

H.O. 

Khaybar-Tabuk  Freeway 

H.O. 

Makkah-Jeddah-Madinah  (8A) 

M.C. 

Makkah-Jeddah-Madinah  (5) 

H.O.,  M.C. 

Makkah-Jeddah-Madinah  - 8B 

H.O. 

Makkah-Jeddah-Madinah/10 

H.O. 

Almuzahmiah-Dalgan  Dualway 

H.O. 

Najran-Sharurah  (Part  B) 

H.O. 

Riyadh  Outer  Ring  Road  - 1 

H.O. 

Riyadh  Outer  Ring  Road  - 3 

H.O. 

Riyadh  Outer  Ring  Road  - 4 

H.O. 

Riyadh  Outer  Ring  Road  - 5 

H.O. 

Riyadh  Ring  Road  - East  Leg 

H.O. 

Riyadh  Outer  Ring  Road  - 6 

H.O. 

Remarks 


Poor 
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Project  Name 

Type 
of  Data 

Remarks 

Riyadh  Ring  Road  - AlkharJ  Link 

M.C. 

Riyadh  Ring  Road  - South  Leg 

H.O.,  M.C. 

Poor 

Riyadh-Dammam  Expressway  (Sec.  3) 

H.O. 

Riyadh-Dammam  Expressway  (Sec.  5) 

H.O. 

Riyadh-Dammam  Expressway  (Sec.  7) 

H.O.,  M.C. 

Poor 

Riyadh-Dammam  Expressway  (Sec.  8) 

H.O. 

Riyadh-Alkharj  Road 

H.O. 

Poor 

Riyadh-Alhijaz  Section  1 

F.T.«^ 

Riyadh-Alhijaz  Section  A 

F.T. 

Riyadh-Alhijaz  Section  B 

F.T. 

Riyadh-Alhijaz  Section  4 

F.T. 

Riyadh-Qassim  Expressway  (Sec.  1) 

H.O. 

Poor 

Riyadh-Oassim  Expressway  (Sec.  2) 

H.O. 

Poor 

Riyadh-Qassim  Expressway  (Sec.  3) 

H.O.,  M.C. 

Poor 

Riyadh-Oassim  Expressway  (Sec.  4) 

H.O.,  M.C. 

Poor 

Riyadh-Qassim  Expressway  (Sec.  5) 

H.O. 

Poor 

Riyadh-Qassim  Expressway  (Sec.  6) 

H.O. 

Poor 

Riyadh-Qassim  Expressway  (Sec.  7) 

H.O.,  M.C. 

Poor 

Riyadh-Qassim  Expressway  (Sec.  8) 

H.O. 

Poor 

Riyadh-Qassim  Expressway  (Sec.  9) 

H.O. 

Poor 

Ill 


Project  Name 

Type 
of  Data 

Remarks 

Riyadh  Outer  Ring  Road  (II) 

H.O. 

Sha’ar  Descent 

H.O. 

Tabarjal-Jorden  Border  (Sec.  2) 

H.O.,  M.C. 

Takhassusi  Road 

H.O. 

Unaizah-Almuzneb  Road  No.  IB 

H.O. 

Zalim-Halban  (Sec.  II) 

H.O. 

Zalim-Halban  (Sec.  Ill) 

H.O. 

■Month  Construction  Date. 
••Handing  Over  Data. 

'Field  Trip. 


APPENDIX  B 

MAP  OF  KINGDOM  OF  SAUDI  ARABIA 


SOURCE:  MOC,  1989.  Roads  of  the  Kingdom  of  Saudi  Arabia,  Riyadh, 
Saudi  Arabia,  March. 
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APPENDIX  C 

SUMMARY  HISTOGRAM  GRAPHS 


Nunber  of  Samples 
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Figure  C.l.  Summary  histogram  for  sieve  3/4"  of  BWC- 


Nunber  of  Samples 
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Figure  C.2.  Sununary  histogram  for  sieve  1/2"  of  BWC-A. 
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Figure  C.3.  Sununary  histogram  for  sieve  #4  of  BWC-A. 
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Figure  C.4.  Sununary  histogram  for  sieve  #10  of  BWC-A. 
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Figure  C.5.  Summary  histogram  for  sieve  #40  of  BWC-A. 
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Figure  C.6.  Summary  histogreun  for  sieve  #80  of  BWC- 
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Figure  C.7.  Summary  histogram  for  sieve  #200  of  BWC- 


Nunber  of  Samples 
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Figure  C.8.  Summary  histogram  for  density  of  BWC- 


Nunber  of  Samples 
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Figure  C.9.  Summary  histogram  for  asphalt  content  of  BWC- 
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Figure  C.IO.  Summary  histogram  for  thickness  of  BWC- 
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Figure  C.ll.  Summary  histogram  for  sieve  3/4"  of  BBC -A. 
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Figure  C.12.  Summary  histogram  for  sieve  3/8"  of  BBC -A. 
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Figure  C.13.  Sunraiary  histogram  for  sieve  #4  of  BBC-A. 
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Figure  C.14.  Summary  histogram  for  sieve  #10  of  BBC- 
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Figure  C.15.  Summary  histogram  for  sieve  #40  of  BBC-A. 
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Figure  C.16.  Summary  histogramfor  sieve  #200  of  BBC-A. 
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Figure  C.17.  Summary  histogram  for  density  of  BBC- 
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Figure  C.18.  Sunnnary  histogram  for  asphalt  content  of  BBC- 
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Figure  C.19.  Summary  histogram  for  thickness  of  BBC -A. 
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Figure  C.20.  Summary  histogram  for  sieve  3/4"  of  BBC- 
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Figure  C.21.  Summary  histogram  for  sieve  1/2"  of  BBC- 
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Figure  C.22.  Summary  histogram  for  sieve  3/8"  of  BBC- 
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Figure  C.23.  Summary  histogram  for  sieve  #4  of  BBC- 
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Figure  C.24.  Summary  histogram  for  sieve  #10  of  BBC- 
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Figure  C.25.  Summary  histogram  for  sieve  #40  of  BBC- 
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Figure  C.26.  Sununary  histogram  for  sieve  #200  of  BBC- 
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Figure  C.27.  Summary  histogram  for  density  of  BBC- 
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Figure  C.28.  Summary  histogram  for  asphalt  content  of  BBC- 
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